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Abstract
Modeling of wind farms to determine their short circuit contribution in response to faults
is a crucial part of system impact studies performed by power utilities. Short circuit calcula-
tions are necessary to determine protective relay settings, equipment ratings and to provide
data for protection coordination.
The plethora of different factors that influence the response of wind farms to short circuits
makes short circuit modeling of wind farms an interesting, complex, and challenging task.
Low voltage ride through (LVRT) requirements make it necessary for the latest generation
of wind generators to be capable of providing reactive power support without disconnecting
from the grid during and after voltage sags. If the wind generator must stay connected to
the grid, a facility has to be provided to by-pass the high rotor current that occurs during
voltage sags and prevent damage of the rotor side power electronic circuits. This is done
through crowbar circuits which are of two types, namely active and passive crowbars, based
on the power electronic device used in the crowbar triggering circuit. Power electronics-based
converters and controls have become an integral part of wind generator systems like the Type
3 doubly fed induction generator based wind generators. The proprietary nature of the
design of these power electronics makes it difficult to obtain the necessary information from
the manufacturer to model them accurately. Also, the use of power electronic controllers has
led to phenomena such as sub-synchronous control interactions (SSCI) in series compensated
Type 3 wind farms which are characterized by non-fundamental frequency oscillations. SSCI
affects fault current magnitude significantly and is a crucial factor that cannot be ignored
while modeling series compensated Type 3 wind farms.
These factors have led to disagreement and inconsistencies about which techniques are
appropriate for short circuit modeling of wind farms. Fundamental frequency models like
voltage behind transient reactance model are incapable of representing the majority of critical
wind generator fault characteristics such as sub-synchronous interactions. The Detailed time
domain models, though accurate, demand high levels of computation and modeling expertise.
Voltage dependent current source modeling based on look up tables are not stand-alone
iv
models and provide only a black-box type of solution.
The short circuit modeling methodology developed in this research work for representing
a series compensated Type 3 wind farm is based on the generalized averaging theory, where
the system variables are represented as time varying Fourier coefficients known as dynamic
phasors. The modeling technique is also known as dynamic phasor modeling. The Type
3 wind generator has become the most popular type of wind generator, making it an ideal
candidate for such a modeling method to be developed.
The dynamic phasor model provides a generic model and achieves a middle ground be-
tween the conventional electromechanical models and the cumbersome electromagnetic time
domain models. The essence of this scheme to model a periodically driven system, such as
power converter circuits, is to retain only particular Fourier coefficients based on the behav-
ior of interest of the system under study making it computationally efficient and inclusive
of the required frequency components, even if non-fundamental in nature. The capability to
model non-fundamental frequency components is critical for representing sub-synchronous
interactions. A 450 MW Type 3 wind farm consisting of 150 generator units was modeled
using the proposed approach. The method is shown to be highly accurate for representing
faults at the point of interconnection of the wind farm to the grid for balanced and unbal-
anced faults as well as for non-fundamental frequency components present in fault currents
during sub-synchronous interactions. Further, the model is shown to be accurate also for
different degrees of transmission line compensation and different transformer configurations
used in the test system.
v
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vpri,d, vpri,q d and q axis primary side transformer voltage
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V∞ Infinite bus voltage
Vdc−LL Lower threshold limit of DC-link voltage
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∗, Vr,q∗ Reference d and q components of rotor voltage
Vdc
∗ Reference DC-link capacitor voltage
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xx
Vdc Voltage across the DC-link capacitor
V SC Voltage source converter
V SG Voltage sag generator
V BR Voltage behind transient reactance
WRIG Wound rotor induction generator
WECS Wind energy conversion system
x(τ) Complex time domain periodic signal
Xk k
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〈x〉k(t), Xk(t) kth dynamic phasor
Xm Mutual reactance
Xr Rotor reactance
XC Reactance of series compensating capacitor
Xs Stator reactance
X ′ Transient reactance
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Chapter 1
Introduction
1.1 Background
The global integration of renewable sources of power into the power grid has been growing
significantly. A number of renewable energy technologies like wind power, photovoltaics,
hydro power, and biomass have become widely installed. This trend has been driven by
growing concerns over climate change, ever increasing power consumption, and the need to
reduce dependence on fossil fuels, which as of 2010 provide about 80 percent of the world’s
energy (Figure 1.1). Figure 1.2 shows the power supply distribution for the USA for the year
2009. From 2006 to 2011, solar photovoltaics and wind power grew at annual average rates
of 58 and 26 percent, respectively, which are very high when compared to growth rates for
fossil fuel power generation for the same period [2].
Advances in technology for optimal extraction of power from renewable sources, along
with the associated decrease in cost and government policies with fiscal incentives supporting
the growth of renewable power, have factored into the marked integration of renewable power
sources. For instance, a new energy agreement was reached in Denmark in March 2012 that
contains initiatives to bring Denmark closer to a target of 100 percent renewable energy in
the energy and transport sector by 2050. Ontario’s Green Energy and Green Economy Act
of 2009 established a feed-in-tariff programme that offers payments for renewable energy
power generation above market prices [1].
As important as it is to integrate renewable sources of energy into the grid, it is equally
important to ensure that the reliable operation of the system is maintained, considering the
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Figure 1.1: Renewable energy contribution to global power production, 2010 [1]
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Figure 1.2: Renewable energy contribution to power production in the USA, 2009
intermittent nature of renewable sources such as wind power. This necessitates being able
to accurately model their behavior to perform valid system impact studies.
2
1.2 Wind Power
1.2.1 Wind Power Trends
Wind power underwent significant growth from 2000 to 2012, as shown in Figure 1.3.
Global wind power capacity by the end of 2012 was approximately 282 GW, with the largest
capacity addition of approximately 45 GW in 2012. Figure 1.4 shows the installed wind
power in different regions of the world up to the end of 2011 and in 2012. This growth trend
has continued with many countries setting targets to increase the wind energy contribution
to as high as 20 percent by 2020.
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Figure 1.3: Growth of wind power installed capacity from 2000 to 2012(GW)
Wind is an intermittent source of power with a low capacity factor (the amount of out-
put a power plant produces divided by the amount it would have produced, had it been in
operation 24 hours/day, 365 days/year) of 20 to 40 percent [3]. Apart from blade pitch angle
control, which varies the pitch of the blade according to the speed of the wind, wind genera-
tors (except Type 1 wind generators) utilize power electronics to deal with wind variability.
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Wind turbine generators are classified into four types based on the control strategies that
are used to deal with wind variability, namely Type 1 (Squirrel cage induction generator),
Type 2 (Wound rotor induction generator), Type 3 (Doubly fed induction generator), and
Type 4 (Full converter based wind generator).
With respect to market penetration of a particular type of wind generator, Type 3 wind
turbine generators have gained the highest popularity among the different types. Figure 1.5
shows the global trend in market penetration of the four types of wind generators [4] as
well as the wind generator types used in the Electric Reliability Council of Texas (ERCOT)
system [5]. Type 3 wind generator technology, which was introduced in 1996, has been and
continues to be the most installed type among the four wind generator types. This factor,
along with the need to model the complex behavior of the Type 3 wind generator and its
controls, make it an ideal candidate for performing modeling studies.
4
0%
10%
20%
30%
40%
50%
60%
70%
80%
1994 1996 1998 2000 2002 2004 2006
P
er
ce
n
ta
g
e 
sh
ar
e
Type 2
Type 3
Type 4
Year
Percentage Global Market Penetration
16%
16%
52%
16%
Type 1
Type 2
Type 3
Type 4
Wind turbine types in ERCOT system
Type 1
Figure 1.5: Trend in market penetration of different types of wind generators
1.2.2 Short Circuit Modeling of Wind Generators and Challenges
It is crucial that system impact studies are done before integrating any new generation
into the existing power grid, with studies of the short circuit contribution being a critical
task. Short circuit levels must be assessed to accurately design protective relay settings,
determine equipment ratings, and for protection coordination. As the accuracy of relay
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settings is crucial to prevent the mal-operation of relays, it is important for short circuit
levels, and hence the short circuit models, to be accurate. In order to assess the behavior
of wind generators and their response to system faults, appropriate models of these wind
generators have to be developed.
Short circuit faults can occur in the power system due to different reasons, the single
line to ground fault being the most commonly occurring. Short circuit characteristics of
synchronous machines are well defined, as the technology has existed for several years and
accurate models are available to predict their short circuit contribution. However, this is not
the case for wind generator technology, which is relatively new and is constantly evolving.
Of the existing types of wind turbine generators, the Type 3 wind generator and its
short circuit modeling are the main focus of this thesis. As will be discussed in Chapter 2,
it is relatively less complex to model the short circuit behavior of the other types of wind
generators as compared to the Type 3 wind generator. The short circuit modeling of a Type
3 wind generator is more complex than even the Type 4 wind generator, as the usage of a
full power converter in the latter implies that the fault current is limited by the rating of
the converter.
The influence of many factors, including LVRT (low voltage ride through) defined by grid
codes, wind farm aggregation, and control algorithms used by different manufacturers, con-
tribute to the increased complexity of the Type 3 wind generator. The need to add series
compensation on transmission lines that deliver power from remote high wind locations to
load centers has also led to undesired interactions [6] that affect the short circuit behavior
of wind farms, particularly the Type 3 wind farm. The proprietary nature of information
about wind generators also makes it difficult to obtain this information from manufacturers.
The focus of this thesis is to develop short circuit models to allow the design of accurate
protection for wind generators with the ability to also design controls. The model is generic
and does not need detailed models for all of the exact internals of the wind generators. The
model could be used by protection engineers in utilities to design protection and control
settings for wind farms without the need to model the wind farm in detail. Various short
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circuit modeling techniques have been developed and utilized to model the short circuit
behavior of the different types of wind generators. The choice of the appropriate modeling
technique for a particular wind generator depends on the extent to which that technique can
accurately represent the complexities unique to that wind generator.
Recent practice in the power industry has been to study the behavior of wind farms
and model them with fundamental frequency synchronous generator equivalents. This is a
simplified method of modeling the wind farm’s behavior and does not ensure a high level of
accuracy. Due to power electronic converters employed in the energy conversion systems of
wind generators, it is very difficult to accurately represent short circuit behavior with these
fundamental frequency representations.
Electromagnetic transient (EMT) modeling, which models power system components
in the form of time domain dq0 equations, is the modeling technique used as a benchmark
model to validate the other modeling techniques. This is due to the fact that electromagnetic
transient modeling has the ability to model every component of the test system in detail and
includes all of the associated frequency components. Even though EMT modeling is highly
accurate and detailed, it is a cumbersome process for modeling a large and complex system,
such as a type 3 wind farm consisting of multiple wind generators, and is computationally
demanding.
Developing a model that is accurate, instead of compromising with fundamental fre-
quency representations, and at the same time not as cumbersome as the detailed EMT
model is crucial. Simplifying the modeling of power systems yet retaining the essential sys-
tem characteristics based on the purpose of the study in hand [7–9] is needed. This calls for
developing a middle ground between the detailed EMT and fundamental frequency models;
this is the main focus of the modeling technique proposed in this research work.
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1.3 Literature Review
1.3.1 Short Circuit Modeling of Type 1 and Type 2 Generators
1.3.1.1 Type 1 Wind Generator
Several techniques have been proposed in the literature to model the short circuit behav-
ior of wind turbine generators. This section summarizes such efforts to model Type 1 and
Type 2 wind generators. The first generation of utility-sized wind turbine generators was
Type 1 wind generators based on a squirrel cage induction generator [10] with blade pitch
angle control as the only wind power control mechanism. This design has the advantages of
mechanical simplicity, high efficiency, and low maintenance requirements [11].
Induction motors have significant fault current contributions and the fault current con-
tribution of induction motors can be characterized by performing a series of tests [12].The
typical fault behavior of an induction motor can be described in terms of the symmetrical
and DC components present in the stator fault current. The DC component is a significant
part of the fault current and should be included for protection design purposes [12].
The instantaneous peak fault current at the application of the fault is the most important
quantity to be obtained, as this determines the rating of the protective relaying [13]. An
expression for the short circuit current as a function of rotor and stator time constants is
derived and compared with the results from tests on real induction machines, indicating
that the model provides adequate representation. A similar approach is defined in [14]
where the short circuit contribution is derived in the form of an analytical expression for
an induction machine. In [15] and [16], the analytical expression modeling is used for short
circuit modeling of Type 1 wind generators. These works show that the short circuit current
of a Type 1 wind generator can be accurately obtained from the analytical expression of the
stator fault current.
A technique based on voltage behind transient reactance (VBR) representation is pre-
sented in [17] to model the short circuit behavior for Type 1 wind generators for symmetrical
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and unsymmetrical fault conditions. The modeling is based on developing a VBR representa-
tion by using sequence component networks and solving for the fault current at the inception
of the fault. The results are verified against an EMT simulation model of the test system
and show a high level of accuracy for the Type 1 wind generator.
1.3.1.2 Type 2 Wind Generator
The Type 2 wind generator utilizes a wound rotor induction generator (WRIG) in which
the electrical characteristics of the rotor can be externally controlled by connecting a variable
resistance [11]. Though the Type 2 wind generator is more expensive and power is dissipated
as losses in the external resistance, it provides an improved operating speed range compared
to the Type 1 wind generator configuration.
In [18] and [19], the short circuit behavior of a Type 2 wind generator and equivalencing
of the wind farm collector system are discussed. The external rotor resistance value affects
the damping of the short circuit current, with higher rotor resistance contributing to more
damping. Further, a Type 2 wind farm model is built both with and without inclusion of the
impedances of the cables connecting the individual wind generators to the main transformer
at the substation and the fault behavior observed. The cable impedances can be completely
neglected for short circuit studies on Type 2 wind farms for faults outside the wind farm.
However, this is not true for faults within the wind farm.
1.3.2 Short Circuit Modeling of Type 3 Generators
1.3.2.1 Modeling Complexities
Type 3 wind generators like the Type 2 wind generators utilize a wound rotor induction
generator. However, the rotor winding in a Type 3 wind generator is connected to the stator
side by means of a bi-directional back-to-back voltage source converter (VSC). The different
modeling complexities of Type 3 wind generators are discussed in the literature with an
objective to simplify their representation yet not compromise the accuracy of the developed
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model.
Wind Farm Aggregation:
A wind farm typically consists of tens of wind turbine generators arranged in a manner
to maximize wind capture and connected to the main substation through cables forming
the collector system. The wind generators are mostly the same type within a wind farm;
however, the length of the cables from each unit to the common point of coupling may vary.
This is an important modeling complexity not only for studying the transient behavior of
Type 3 wind farms but also for all other wind farms in general. The recent trend has been
towards an aggregated model for assessing the transient behavior of a wind farm as a whole
because it is a cumbersome task to create a detailed model.
References [20], [21] and [22] discuss the impact of aggregating all of the wind turbine
generators in a Type 3 wind farm and representing their collective behavior by a single
equivalent generator. It is assumed in these studies that all of the generators in the wind
farm are of the same type and that all of the wind turbines see the same wind speed. It is
also assumed that all units in the wind farm trip for a fault outside it, whereas in reality not
all of the units could trip.
These works conclude that, even with these assumptions, the aggregated model provides
a good enough approximation of the performance of the wind farm for faults outside the wind
farm but is inaccurate for faults inside the wind farm. Due to these reasons, an aggregated
model of the Type 3 wind farm is used for the purpose of fault studies to represent the
collective behavior [23].
LVRT (Low voltage ride through) Requirements:
In the past, wind farms were allowed to trip and disconnect from the grid during distur-
bances where the conventional generation units would provide the voltage support. However,
this is not acceptable when considering the large amount of wind power generation that has
been integrated into the grid in recent times. LVRT requirements defined by utilities make it
necessary for wind farms to stay connected to the grid and support the system for normally
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cleared disturbances [20]. This is necessary to enable more integration of wind energy into
the existing grid and for wind generators to support the voltage and frequency of the grid
during and immediately following grid failure due to faults.
Voltage dips due to faults and other disturbances cause a rise in the stator current of the
wind generator and also lead to high rotor current through induction. If the wind generator
must stay connected to the grid, a facility has to be provided to by-pass this high rotor
current and prevent damage of the rotor side power electronic circuits. This is done through
crowbar circuits, which give the wind generators the ability to stay connected to the grid
during voltage dips [24].
In order to study such voltage dip behaviors, a voltage sag generator is to be modeled and
used to apply voltage sags. [25] describes the commonly used voltage sag generator topologies
from which the one based on a variable autotransformer is utilized in this research work due
to its less complex and cost effective nature.
Reference [24] describes a dq0 model for the Type 3 wind generator where the short circuit
behavior is discussed with and without the crowbar circuit in place. With the crowbar
included, the wind generator had the ability to stay connected to the grid. A scheme to
inject reactive power into the grid for voltage support during the sag is discussed. As soon
as the voltage recovers, the crowbar is removed and normal operation is re-established. Even
though the crowbar action is described in this work, its relevance to LVRT characteristics
and wind generator protection is not sufficiently explained; this thesis describes this in detail.
A protection scheme where the unit breaker trips based on the LVRT characteristic defined
and the crowbar triggers based on the DC-link voltage value is utilized in this research work.
Reference [26] insists upon the need for LVRT feature and voltage profile maintenance in
new wind turbine generator installations as well as retrofitting older generators. It describes
the LVRT requirements that wind generators are required to have based on grid codes and
also to optimize the active and reactive power support during and immediately after the
fault. It is suggested that tripping of the unit is reasonable only for voltages that remain
low for longer than 1.5 s.
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The research work in this thesis takes into account the LVRT capability for modeling
and analyzes its impact on fault behavior of Type 3 wind generators.
Sub-synchronous Control Interactions:
The nature of most wind farms being located far from load centers has made long trans-
mission lines necessary. In order to reduce the impedance of these lines, they are required
to be series compensated. Reference [6] shows that un-damped sub-synchronous oscillations,
termed sub-synchronous control interactions (SSCI), could potentially occur in Type 3 wind
turbine generators with power electronic converters and controls that operate near series
compensated transmission lines. SSCI is a control interaction between any power electronic
device (such as the converter in Type 3 wind turbines) and a series capacitor.
An analysis of sub-synchronous interactions in a series compensated Type 3 wind farm
is done in [27] in order to identify the cause of these interactions. The eigen value analysis
performed concludes that the network and the generator have significant participation in the
sub-synchronous oscillatory mode.
References [28], [29] and [30] describe different techniques to identify the frequency of the
sub-synchronous interactions and also the elements in the system causing them. The ana-
lytical method of frequency scanning, where the driving point impedance over the frequency
range of interest is calculated when looking into the system from the generator terminals is
utilized in this research.
Reference [31] discusses that the control algorithms of power electronics used in wind
generators, especially Type 3 wind generators, play a significant role in the occurrence of
SSCI. If left unmitigated, these oscillations can cause severe over voltages, current distortion,
and damage to the wind farm control circuits, such as in the case of the Texas event in
2009 [32].
Reference [23] recommends that the controller gains of a Type 3 wind generator controls
be kept in a particular range to avoid SSCI. The major control loops in the converter con-
troller are identified and an SSCI damping controller proposed in [6] as a mitigation. Other
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works to mitigate Type 3 wind farm sub-synchronous control interaction issues are discussed
in references [33], [34], and [35].
The above works show the growing importance of the issue of SSCI with respect to
assessing the interaction of a Type 3 wind farm with a series compensated transmission line.
SSCI introduces sub-synchronous oscillations. This thesis shows that these sub-synchronous
oscillations distort the fault current waveforms and therefore impact the short circuit current
levels of Type 3 wind farms. This research work studies this effect in detail and a short circuit
model that is inclusive of these conditions is developed.
1.3.2.2 Modeling Methods
Reference [14] obtains the fault current contribution of a conventional induction machine
in terms of an analytical expression for the short circuit current and then extends its ap-
plication to a Type 3 wind generator with crowbar protection. Even though this approach
includes the crowbar resistance in calculating the short circuit contribution of the Type 3
wind generator, it does not include LVRT based protection. This leads to the assumption
that the crowbar is activated throughout the fault duration. It also does not include non-
fundamental frequencies as part of the modeling, which means the approach is limited to
representing balanced faults.
Reference [36] describes the basic voltage and flux linkage equations of an induction
machine. It further transforms the equations to the dq0 reference frame and describes a
model that can be used to represent balanced and unbalanced conditions. The transformation
to the dq0 reference frame helps eliminate the time varying coefficients that appear in the
voltage equations due to mutual inductances and vary as a function of rotor angle. These
equations in the dq0 reference frame are used as a basis to develop the EMT model of the
generator used in the test system in this thesis.
A voltage dependent current source model is developed in [37] to represent Type 3 and
Type 4 wind generator short circuit behavior. This modeling method is a black-box approach
and is capable of generating short circuit current characteristics in the form of upper and
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lower envelopes of fault currents. The accuracy of this model depends on the level of accuracy
of the model used to obtain the fault current envelopes. A detailed EMT model is used in
this case to obtain the fault current values. Thus, this method is not a standalone model,
as it requires the short circuit current values to be obtained from detailed EMT models or
from the wind generator manufacturer, and does not give insight into phenomena such as
crowbar activation or sub-synchronous behavior.
Though capable of representing balanced fault conditions fairly accurately, fundamental
frequency simplifications are viewed as non-inclusive of other essential non-fundamental fre-
quency components required to represent sub-synchronous interactions, such as in the case
of Type 3 wind farms. Detailed EMT models based on dq0 equations of the machine are
highly capable of representing the short circuit behavior of a Type 3 wind farm. However,
they are computationally demanding as they include all of the frequency components and
also provide little insight into control interactions. Also, developing a detailed EMT model
would require manufacturer proprietary information, such as control algorithms, which are
difficult or impossible to obtain.
Generalized Averaging Theory (or Dynamic Phasor Modeling):
An understanding of the short circuit modeling complexities of a Type 3 wind farm and
of the existing modeling techniques is followed by developing a model with the following
features:
• It should be capable of representing fault current behavior for balanced faults, unbal-
anced faults, and faults with sub-synchronous interactions for a Type 3 wind farm.
• This model should be more sophisticated than fundamental frequency models and at
the same time simpler than a detailed EMT model. It should also provide insight into
designing both protection and controls for wind farms.
• In order for this model to be more computationally efficient than an EMT model, it
should have the capacity to selectively model only the required frequency components
to accurately represent the desired fault behavior of a Type 3 wind farm.
14
• The model should be generic in nature, meaning it should not require exact manu-
facturer proprietary information. A power utility engineer should be able to use the
model to design the protection and controls of a Type 3 wind farm without the need
to know the exact modeling details.
The generalized averaging scheme which is also currently referred to by some authors as
dynamic phasor modeling, was developed by an MIT researcher in 1991 for modeling power
converter circuits [38]. It is capable of accommodating arbitrary types of waveforms and
is based on time varying Fourier series representation for a sliding time window of a given
waveform. The essence of this scheme to model a periodically driven system, such as power
converter circuits, is to retain only particular Fourier coefficients based on the behavior
of interest of the system under study. Simplifying approximations are made by omitting
insignificant terms from the series.
Reference [39] discusses the application of generalized averaging model to large syn-
chronous machines for symmetrical and unsymmetrical fault analysis. It shows that by
the choice of appropriate harmonics (Fourier coefficients), the averaged model is capable of
accurately capturing faulted dynamics of a synchronous machine.
Reference [40] extends the application of the generalized averaging model to represent the
dynamic behavior of a thyristor-controlled series capacitor (TCSC) in a simple yet accurate
manner that is faster than detailed time domain simulation. It shows that simply choosing
the fundamental frequency harmonic for modeling is not accurate enough to represent TCSC
behavior when it is close to resonance, as there is a significant presence of other higher order
harmonic components. Other flexible AC transmission systems (FACTS) devices, such as the
unified power flow controller (UPFC) in [41], the static VAR compensator (SVC) in [34], and
the synchronous static compensator (STATCOM) in [42], have been modeled using dynamic
phasors.
References [43] and [44, 45] utilize the generalized averaging scheme to model Type 1
and Type 3 wind generators, respectively, for short circuit modeling. These models dealt
with fundamental frequency based modeling and were not sophisticated enough to represent
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sub-synchronous frequency control interactions.
The above works in the literature show that there has been a good amount of work on
machine modeling of DFIG wind generators but not much research has been done on devel-
oping accurate models for fault analysis, including both fundamental and non-fundamental
sub-synchronous frequency effects. As discussed above, the generalized averaging scheme
using dynamic phasors is a very powerful concept for accurately modeling the Type 3 wind
generator and its power electronics. In this thesis, a dynamic phasor model was developed
for a Type 3 wind farm, including fundamental and non-fundamental frequencies.
1.3.3 Short Circuit Modeling of Type 4 Generators
Type 4 wind generators utilize an induction machine or a synchronous generator connected
to the grid through a full power converter. This makes Type 4 wind generators the most
expensive of all types due to the requirement for a power converter that is rated as high as
the wind generator itself. Reference [46] shows that the short circuit current of a Type 4
wind generator is regulated and limited to the rating of the power converter. Reference [37]
goes further to show that Type 4 wind generators can be represented by a current source
with an upper and lower limit based on the power converter rating for short circuit analysis.
For these reasons, this thesis does not analyze short circuit modeling Type 4 wind generators
in detail.
1.4 Objective of the Thesis
Wind power integration is ever increasing, with the market penetration of Type 3 wind
farms far exceeding the other types. Short circuit modeling is a crucial step in understanding
the fault behavior of wind generators in order to determine protective relay settings, pro-
tection coordination, and equipment ratings. The short circuit modeling of wind generators
is affected by a number of factors. This has created inconsistencies in modeling techniques
used for wind farm models and there is a need to address this issue by developing an accurate
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generic model. The following are the objectives of this thesis in brief:
1. Identify the short circuit modeling complexities unique to each type of wind generator
and their degree of influence on short circuit behavior.
2. Determine the accuracy of representing wind generators using conventional short
circuit modeling techniques and their shortcomings.
3. Develop an accurate method of modeling the short circuit behavior of wind generators
including the identified complexities and test the developed model’s capacity to represent
different fault behavior.
1.5 Organization of the Thesis
The thesis is organized into six chapters. Chapter 1 sets the background with a discus-
sion of the present scenario of wind power integration and its inevitable nature in today’s
power supply and demand scenario. Following this, the significance of short circuit modeling
of wind generators and the various challenges unique to each type of wind generator are
identified. Approaches to wind generator short circuit modeling in the literature are briefly
discussed, along with their capabilities and limitations. This is followed by a discussion of the
motivation behind the development of a modeling technique that is capable of representing
the previously discussed complexities, and which is the primary objective of the thesis.
Chapter 2 explains the types of wind generators and their principles of operation, then
characterizes their short circuit behavior. The short circuit modeling complexities and their
degree of influence on the short circuit behavior are also discussed for these wind generators.
Chapter 3 provides a critical review of the commonly used techniques for modeling short
circuit behavior of wind generators and discusses the results of application of these methods
for the different wind generator types. From the obtained results, the accuracy and applica-
bility of these techniques along with their advantages and disadvantages for particular wind
generator types are discussed.
17
In Chapter 4, the critical modeling complexity of Type 3 wind generators namely the
sub-synchronous control interactions with series compensated transmission lines is discussed
for symmetrical and unsymmetrical fault scenarios along with the frequency analysis of the
fault behavior.
In Chapter 5, the dynamic phasor model of a Type 3 wind farm connected to a series
compensated transmission line is developed and the accuracy of the model to represent the
short circuit behavior is illustrated.
Chapter 6 provides a summary, thesis contributions, and suggestions for future work.
Appendix A gives the parameters of the test systems modeled in this thesis.
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Chapter 2
Wind Turbine Generators and their Short
Circuit Behavior
2.1 Introduction
The evolution of wind power conversion technology has led to the development of dif-
ferent types of wind turbine configurations that make use of a variety of electric generators.
A classification of most common generators used in large wind energy conversion systems
(WECS) [47] is presented in Figure 2.1 below.
Type 1
Type 2
Type 3
Type 4
Squirrel Cage Induction Generator
Wound Rotor Induction Generator
Doubly fed Induction Generator
Full Converter Type Generator
Induction Generator Wound rotor / permanent 
magnet Synchronous 
Generator
Figure 2.1: Types of wind turbine generators
Section 2.2 discusses the working principles of the different wind generator types and
Section 2.3 explains the behavior of wind generators for symmetrical and unsymmetrical
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faults.
2.2 Types of Wind Turbine Generators
2.2.1 Type 1 Squirrel Cage Induction Generator
Type 1 wind turbine generators are the first generation and hence the oldest type of
wind generators. They consist of a squirrel cage rotor connected to the turbine through a
gear box, as shown in Figure 2.2. They operate in the generating mode when driven above
synchronous speed, which implies a negative slip. The normal operating slip range is between
0 and -1 percent [46]. Pitch angle control is used to regulate the turbine shaft speed to nearly
a constant speed.
Squirrel
Cage
Induction
Machine
Power Factor Correction 
Capacitors
ωr
Soft 
Starter
Unit 
Transformer
Collector 
System
Gear 
box
Figure 2.2: Type 1 wind turbine generator
The generator is connected to the wind farm collector system through a soft-starter and a
step-up transformer. The soft-starter is employed because the start-up current is very high.
Power factor correction capacitors are included at the base of the turbine tower and these
serve the purpose of reactive power compensation [48].
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2.2.2 Type 2 Wound Rotor Induction Generator
Type 2 wind turbine generators consist of a wound rotor induction generator, which
makes connecting external resistances to the rotor winding possible. This provides the
ability to operate at a higher range of slip (10 percent) as compared to a Type 1 wind
generator [46]. This external resistance can be controlled by a high-frequency switch as
shown in Figure 2.3, based on the speed of the wind. The rotor external resistance control
is used in combination with pitch angle control to achieve variable slip operation. These
controls are employed in such a manner so as to keep the resistive losses due to the external
rotor resistance within acceptable limits [46]. This method of control necessitates including
the external rotor resistance in fault calculations [48].
Wound 
Rotor
Induction
Generator
Power Factor Correction 
Capacitors
ωr
Soft 
Starter
Unit 
Transformer
Collector 
System
Rotor External 
Resistance
Gear 
box
Triggering 
circuit
Figure 2.3: Type 2 wind turbine generator
Similar to the Type 1 generator, power factor correction is done using shunt capacitor
banks on the generator terminals. The induction machine is connected to the wind farm
collector system through a soft-starter and a step-up transformer.
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2.2.3 Type 3 Doubly Fed Induction Generator
There has been a fast growing demand for the application of DFIG based wind generators
in wind power plants in recent years. Currently, Type 3 wind generators dominate the market
due to cost-effective provision of variable-speed operation. A Type 3 wind turbine generator
consists of a wound rotor induction generator in which the rotor excitation is supplied by
a back-to-back power converter [48]. The rotor speed is allowed to vary within a slip range
of ± 30 percent. This implies that the power converter is rated for about 30 percent of the
rated power [46].
As shown in Figure 2.4, the stator is connected directly to the collector system and then
to the grid. The rotor is connected to the stator side through a back-to-back power converter
that is capable of supplying a rotor excitation of variable magnitude and frequency. The
power converter also makes rotor excitation of reversible phase rotation possible, where pos-
itive or negative sequence excitation is applied for sub-synchronous and super-synchronous
operations, respectively. This variable rotor excitation is applied in such a manner that
the net rotor magnetic field is at synchronous speed. The application of such an excitation
results in the apparent rotation of the rotor magnetic field with respect to the rotor. The
net magnetic field induced in the stator has a frequency fs given by
fs = fr ± fm (2.1)
where fr is the rotor field frequency and fm is the frequency of rotation of rotor.
During sub-synchronous operation when the wind speed is lower than the rated wind
speed, a positive sequence rotor field excitation is applied so that it is in the same direction
as mechanical rotation of the rotor i.e. fs = fr + fm. The flow of real power is from the
stator to the rotor as shown in Figure 2.4.
During super-synchronous operation when the wind speed is higher than the rated wind
speed, a negative sequence rotor field excitation is applied so that it is in the opposite
direction as the mechanical rotation of the rotor, i.e., fs = fr−fm. In this mode of operation,
there is a flow of real power out of the rotor that is converted to grid frequency. This is
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Figure 2.4: Type 3 wind turbine generator
added to the stator power and the net power supplied to the grid is the sum of the rotor and
the stator real power outputs [48].
The back-to-back converter enables the Type 3 wind generator to have fast control over
the real and reactive power output by controlling the phase angle and the magnitude of the
rotor excitation, respectively. The back-to-back converter consists of a rotor side converter
(RSC), a grid side converter (GSC), and a DC capacitor. The RSC provides an independent
control of the stator side active and reactive power by controlling the q-axis and d-axis rotor
current (ir,q and ir,d) components, respectively. The RSC needs a DC power supply, which
is usually generated by the GSC. A DC capacitor is used to remove the ripple and keep the
DC bus voltage relatively smooth [49]. The objective of the GSC is to keep the DC-link
voltage at a constant value by controlling the d-axis current (ig,d) and regulate the reactive
power exchange between the GSC and the grid by controlling the q-axis current (ig,q).
The components of the power converter are designed to handle only normal currents and
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normal DC bus voltage [46]. When a fault occurs on the stator side of the Type 3 wind
generator, high voltages are in turn induced in the rotor, which causes high currents to
flow in the power converter. In order to by-pass this high current and to protect the power
converter from damage, a crowbar circuit is employed. There are two types of crowbar con-
figurations, namely active and passive crowbars, based on the power electronic device used
in the crowbar triggering circuit. The passive crowbar triggering circuit is constructed with
thyristors and allows the circuit to close, but does not allow it to open until the crowbar cur-
rent is extinguished. The active crowbar triggering circuit is constructed with insulated gate
bipolar transistors (IGBT) and allows the circuit to open in forced commutation. Though
different, both schemes use a resistor to bypass the excessive rotor current [50]. The value of
the bypass resistor is of importance but not critical. It should be sufficiently low to avoid too
large of a voltage on the converter terminals. On the other hand, it should be high enough
to limit the current [24]. Different measures may be used for the crowbar activation, such
as rotor AC current or DC bus voltage, as well as different magnitude thresholds for each of
these measures [48].
Figure 2.4 shows the passive crowbar configuration; however, both the passive and active
crowbar configurations were tested for a temporary three phase fault at the terminals of the
generator. Figure 2.5 below shows the difference between how these two schemes operate
with respect to activating and deactivating the crowbar circuit during and after the fault
occurrence.
Active crowbar control allows the Type 3 wind generator to have LVRT capability, i.e.,
to reconnect the back-to-back converter as soon as possible after the fault occurrence. LVRT
is discussed in detail in Section 2.3. The type of crowbar circuit and the LVRT based
protection strategies used affect the short circuit behavior of the Type 3 wind generator and
are important complexities that are considered for modeling in this thesis.
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Figure 2.5: Active and passive crowbar operation
2.2.4 Type 4 Full Converter Wind Turbine Generator
The Type 4 wind generator, also known as the full power converter type wind generator,
is shown in Figure 2.6, where the wind generator is connected to the grid using a converter
having a rating equal to the generator itself. It is common to design a power converter for a
Type 4 wind turbine with an overload capability of 10 percent above rated. The converter
provides decoupling between the wind generator, which produces a variable frequency current
based on the varying wind speed, and the grid operating at nominal frequency. Thus,
while the grid is at 60 Hz, the stator winding of the generator may operate at variable
frequencies [46]. Due to this reason, the response of the Type 4 wind generator is virtually
independent of the type of generator used.
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2.3 Short Circuit Behavior of Wind Generators
The short circuit current contribution is important to know with respect to the coordi-
nation of network protection and the maximum currents that are allowed in a network [14].
This necessitates accurate short circuit models of the wind generators to be developed that
take into account the different factors that influence the short circuit current behavior. This
section discusses the typical short circuit behavior of the four different types of wind gener-
ators and their respective short circuit modeling complexities.
The typical short circuit behaviors of these wind generators are obtained by building
detailed EMT simulation models of their test systems. This is used to assess the degree
of influence of different complexities on the short circuit behavior of these wind generator
systems. This understanding will be used as a basis to develop short circuit models and
also to validate the developed models. PSCAD/EMTDCTM1 is an useful tool for performing
detailed time domain simulations and for transient analysis of power system components.
1PSCAD/EMTDC
TM
- Power System Computer Aided Design/Electromagnetic Transients DC is a
registered trademark of Manitoba HVDC Research Centre Inc., Winnipeg, Canada. PSCAD/EMTDC
TM
provides the ability to perform detailed time domain simulations and electromagnetic transient analysis
where machines and the other network elements are represented using time-domain differential equations.
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2.3.1 Type 1 Wind Turbine Generator
The test system shown below in Figure 2.7 is simulated. The induction generator is a GE
Type 1, 1.5 MW squirrel cage machine [51], the parameters of which are given in Appendix
A.1. The test system represents a typical wind generator set up connected to the collector
system through a step up transformer. The transformer is a delta-wye configuration with
the wye grounded. The power factor correction capacitors and soft starter are not shown for
convenience.
The cable impedance up to the unit transformer is represented using a series impedance
(RL) circuit. The circuit beyond the collector system is represented as an infinite bus. The
wind speed is assumed to be constant and the generator is operating at 2 percent slip (turbine
shaft speed of 1.02 pu).
Squirrel
Cage
Induction
Generatorωr
Unit 
Transformer
Collector 
System
1.5 MW, 60 Hz
575 V
Cable 
Impedance1.02 p.u.
Grid
3 ph Fault
Figure 2.7: Type 1 wind generator test system
A three phase permanent fault is applied at the terminals of the generator 6.0 s after the
start of the simulation and the short circuit behavior of the generator is observed. The three
phase stator currents both before and after the application of the fault are shown in Figure
2.8 and the phase A fault current in Figure 2.9 below.
There is a rapid increase in the stator currents at the moment of application of the fault.
The stator currents eventually decay as the source of excitation for the stator is removed. The
fault current is asymmetrical due to the presence of DC offset. The moment of application
of the fault, i.e., whether the fault is applied at the voltage zero crossing or the voltage
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peak, determines the amount of DC offset in the fault current. For a purely inductive or
highly inductive circuit with a high X/R ratio, the largest DC offset is produced when the
fault occurs at the moment when the current is at or near its peak value as the voltage goes
through a zero crossing [52]. The DC offset is negligible if the moment of fault occurrence
coincides with the zero crossing of current. Thus, it is important to consider the effect of
DC offset while performing short circuit calculations.
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Figure 2.8: Type 1 wind generator three phase fault stator currents
The same test system was used to simulate a single line to ground unsymmetrical fault
condition. A Phase A to ground permanent fault is applied at 6.0 s and the Phase A fault
current waveform shown in Figure 2.10 is obtained. Unlike a symmetrical fault, where the
short circuit current decays and goes to zero due to collapse of the air-gap magnetic field, the
fault current for an unsymmetrical fault is sustained by the remaining two healthy phases.
The post-fault current is sustained and settles at a magnitude of 5 kA peak to peak, which
is lower than the steady state value of 6 kA peak to peak.
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Figure 2.9: Type 1 wind generator three phase fault phase A stator current
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Figure 2.10: Type 1 wind generator phase A-G fault phase A stator current
The Figure 2.11 below shows the effect of the moment at which the fault is applied, on
29
the fault current, as it determines the amount of DC offset present in the current. If the
fault is applied at the voltage zero crossing, maximum DC offset occurs. When the fault is
applied at the voltage peak, the DC offset is negligible. There is still some DC offset present
as the circuit is not purely inductive in nature.
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2.3.2 Type 2 Wind Turbine Generator
A test system similar to the Type 1 wind generator is modeled and the short circuit
characteristics are observed. The Type 2 wound rotor induction generator used is a Suzlon
2.1 MW wind generator [18, 53], the parameters of which are given in Appendix A.2. To
study the fault behavior under symmetrical fault conditions, a three phase permanent fault
is applied at the generator terminals. The impact of the variable slip operation (enabled by
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variable rotor resistance control) on the fault current behavior is studied by simulating two
different wind speeds and the corresponding values of external rotor resistances.
Figure 2.12 shows the three phase stator fault currents while operating at a slip of 6
percent. Similar to the Type 1 wind generator, the AC and DC components of the stator
fault currents decay at a rate determined by the rotor and the stator decay time constants,
respectively. However, unlike the Type 1 generator, the rotor decay time constant depends
not only on the rotor winding resistance but also on the value of the external rotor resistance.
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Figure 2.12: Type 2 wind generator three phase fault stator currents
For the given power output (2.283 MVA), voltage (600 V L-L), and slip (6 and 8 percent)
values, the value of the external rotor resistance to be added to the rotor terminals can be
determined from the equivalent circuit [18] shown in Figure 2.13. This value of resistance
(0.0075 ohms for 6 percent slip and 0.0096 ohms for 8 percent slip) is used by the external
rotor control circuit to maintain constant power output from the wind generator.
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Figure 2.13: Equivalent circuit of Type 2 induction machine
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Figure 2.14: Effect of external rotor resistance control on short circuit current
For the same three phase fault condition, the short circuit response, specifically the phase
B fault current, is observed for two different wind speeds (6 percent and 8 percent slips) in
order to understand the effect of varying the external rotor resistance on the short circuit
current. The higher the value of slip, the higher the external rotor resistance to be used.
Figure 2.14 shows that the root mean square (RMS) fault current is 3 kA for 6 percent slip
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and lower rotor resistance of 0.0075 ohms compared to 2.65 kA for 8 percent slip and higher
rotor resistance of 0.0096 ohms.
The behavior of the Type 2 wind generator under unsymmetrical fault conditions is very
similar to the Type 1 generator except for the influence of the external rotor resistance on
the short circuit current. Figure 2.15 shows the three phase stator currents for a phase A to
ground permanent fault at the terminals of the generator operating at a slip of 6 percent.
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Figure 2.15: Type 2 wind generator phase A-G fault stator currents
2.3.3 Type 3 Wind Turbine Generator
This section introduces the Type 3 wind generator test system that was used to perform
short circuit studies. The dq0 equations behind the test system’s detailed EMT model are
also discussed. This is followed by a discussion on the different modeling complexities that are
crucial for the accurate short circuit representation of the Type 3 wind generator. However,
for the purpose of clarity the discussion of an important modeling complexity, namely the
presence of sub-synchronous components in fault currents due to control interactions, is
presented in Chapter 4.
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2.3.3.1 Test System
The test system shown in Figure 2.16 for studying the short circuit behavior of a Type
3 wind turbine generator consists of the wound rotor induction generator, the back-to-back
converter (RSC, GSC, and DC-Link), unit transformer, and controllers that are modeled
using dq0 time domain differential equations [45]. The system consists of a 3 MW Type 3
wind generator connected to the collector system through a unit transformer and then to
the grid through a feeder line.
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Figure 2.16: Type 3 wind generator test system
2.3.3.2 Modeling of the Test System
The differential equations representing the various components of the test system are
discussed below. The equations are expressed in the dq0-reference frame rotating at syn-
chronous speed ωs. The test system is modeled based on the system parameters [6], which
are given in detail in Appendix A.3.
Drive Train:
The turbine, shaft, and gear box are all lumped together as a single equivalent mass
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(angular moment of inertia, J = 2H =1.856 s). A multi-mass model would be required
for studying phenomena such as sub-synchronous resonance. For studying sub-synchronous
control interactions, the equivalent mass model is sufficient. The mechanical torque (Tm) is
assumed to be constant as the wind speed during the duration of the fault is assumed to be
constant. The equivalent mass model is represented by the classical swing equation
dωr
dt
=
Tm − Te
2H
(2.2)
where Tm and Te are the mechanical and electrical torque of the generator with a rotor speed
of ωr. The electrical torque is given by
Te = ψr,qir,d − ψr,dir,q (2.3)
where ψr,d and ψr,q are the d and q axis components of the rotor flux linkages and ir,d and
ir,q are the d and q axis components of the rotor current, respectively. In the following
expressions,
Xdq =
Xd
Xq
 (2.4)
is used to represent the d and q axis flux linkages, current, and voltages.
Stator Voltages:
The stator flux linkage due to the self-inductance of the stator circuit, Ls, and the mutual
inductance between the stator and rotor circuits, Lm, is given by
ψs,dq = Lssis,dq + Lsrir,dq (2.5)
where the inductance matrices are defined as
Lss =
Ls + Lm 0
0 Ls + Lm
 , Lsr =
Lm 0
0 Lm
 (2.6)
and the stator voltage (Vs,dq) equation in terms of the flux linkage (ψs,dq) and stator current
(is,dq) is expressed as
Vs,dq = Rssis,dq + Jωsψs,dq +
dψs,dq
dt
(2.7)
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where the stator resistance matrix is given by
Rss =
Rs 0
0 Rs
 (2.8)
and
J =
0 −1
1 0
 (2.9)
Rotor Voltages:
Similarly, the rotor flux linkage due to the self-inductance of the rotor circuit, Lr, and
the mutual inductance between the stator and rotor circuits, Lm, is given by
ψr,dq = Lrrir,dq + Lrsis,dq (2.10)
with the inductance matrices defined by
Lrr =
Lr + Lm 0
0 Lr + Lm
 , Lrs =
Lm 0
0 Lm
 . (2.11)
The rotor voltage (Vr,dq) equation in terms of the flux linkage (ψr,dq) and rotor current
(ir,dq) is expressed as
Vr,dq = Rrrir,dq + Jσωsψr,dq +
dψr,dq
dt
(2.12)
where the rotor resistance matrix is
Rrr =
Rr 0
0 Rr
 . (2.13)
The relative speed between the rotor rotating at a speed of ωr and the synchronously
rotating stator magnetic field at ωs is defined as the slip speed given by ωs − ωr. The slip,
σ, which is the normalized slip speed, is defined as
σ =
ωs − ωr
ωs
. (2.14)
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Back to Back Converter:
The back-to-back converter consists of detailed model of pulse width modulated IGBT
based VSCs, namely the RSC and the GSC with a DC Link capacitor configuration, as
shown in Figure 2.17 below.
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Figure 2.17: DFIG back-to-back converter with rotor and grid side controllers
The high frequency switching dynamics of the back to back converter can be neglected
and the use of an average model of the converter is preferred as the phenomena under study
in this thesis is not affected by these switching dynamics. The dynamics of the DC link
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capacitor is represented by a first-order model [54]
C
dVdc
dt
=
Pr − Pg
Vdc
= idc = mr,dir,d +mr,qir,q −mg,dig,d −mg,qig,q (2.15)
where md and mq represent the modulation indices of the PWM converter and Vdc is the
voltage across the DC-link capacitor with a capacitance C. Pg and Pr represent the real
power flow at the GSC and the RSC ends respectively. This average VSC model does not
take into account the high frequency switching dynamics due to the IGBT based converters,
but preserves the DC link dynamics.
Rotor Side and Grid Side Controllers:
The dynamics of the controllers are crucial for short circuit analysis, especially in cases
with potential sub-synchronous control interactions, as explained in Chapter 4. The RSC
and GSC control loops are shown in Figures 2.18 and 2.19, respectively.
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Figure 2.18: Rotor side converter controller
The RSC provides an independent control of the stator side active and reactive power
by controlling the q-axis and d-axis rotor current (iqr and idr) components, respectively. It
consists of two cascaded loops where the inner current control loop regulates the d-axis and
q-axis rotor currents independently. The dq0 equations representing the RSC are
dxr,d
dt
= KI,Ps(P
∗
s − Ps), (2.16)
mr,d = xr,d +KP,Ps(P
∗
s − Ps), (2.17)
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Figure 2.19: Grid side converter controller
dxr,q
dt
= KI,Qs(Q
∗
s −Qs) (2.18)
and
mr,q = xr,q +KP,Qs(Q
∗
s −Qs) (2.19)
where P ∗s and Q
∗
s are the reference values for the stator active and reactive power, Ps and
Qs are the actual values for the stator active and reactive power, and KI and KP represent
the gains of the integral and proportional controllers, respectively.
The objective of the GSC is to keep the DC link voltage at a constant value by controlling
the q-axis current (ig,q) and regulating the reactive power exchange between the GSC and
the grid by controlling the d-axis current (ig,d). The inner current control loop regulates
the d-axis and q-axis grid side currents independently. The outer control loop regulates the
DC-link voltage and the reactive power exchange between the GSC and the grid. The dq0
equations representing the GSC are
dxg,d
dt
= KI,Vdc(V
∗
dc − Vdc), (2.20)
mg,d = xg,d +KP,Vdc(V
∗
dc − Vdc), (2.21)
dxg,q
dt
= KI,ig,q(i
∗
g,q − ig,q) (2.22)
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and
mg,q = xg,q +KP,ig,q(i
∗
g,q − ig,q) (2.23)
where V ∗dc and i
∗
g,q are the reference values for the DC-link voltage and the q axis component
of the GSC current, and Vdc and ig,q are the actual values for the DC link voltage and the q
axis component of the GSC current, respectively.
Transmission Network and Transformer:
The transmission network is modeled in order to include the effects of the series ca-
pacitor compensation as this is crucial to observe sub-synchronous interactions. Such sub-
synchronous interactions in series compensated Type 3 wind farms are explained in detail in
Section 4.2. The equations
Lline
did
dt
= vs,d −Rlineid + ωsLlineiq − vc,d − vb,d (2.24)
Lline
diq
dt
= vs,q −Rlineiq − ωsLlineid − vc,q − vb,q (2.25)
Cline
dvc,d
dt
= id + ωsClinevc,q (2.26)
Cline
dvc,q
dt
= iq − ωsClinevc,d (2.27)
represent the transmission network model, where Rline, Lline, and Cline represent the resis-
tance, inductance, and capacitance of the transmission line, respectively.
A constant impedance RL model [44] is used for the transformer as shown in Equations
2.28 and 2.29 below.
Lt
dit,d
dt
= vpri,d − vsec,d −Rtit,d + ωsLtit,q (2.28)
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Lt
dit,q
dt
= vpri,q − vsec,q −Rtit,q + ωsLtit,d (2.29)
2.3.3.3 LVRT based Protection Scheme and Crowbar Circuit
The increasing amount of wind integration constitutes a large share of the total power
generation. Consequently, LVRT requirements make it necessary for wind farms to stay con-
nected to the grid and provide reactive power support during and after voltage sags. This is
required in order to maintain power availability and improve system voltage stability. These
requirements are defined in grid codes issued by grid operators. For the wind generator to
achieve this, the use of a crowbar circuit is required to protect the back-to-back converter
during such an operation. This introduces two factors that must be considered for determin-
ing the short circuit behavior of the Type 3 wind generator, namely the crowbar resistance
and the LVRT characteristics.
The protection strategy based on LVRT characteristics provides the following benefits:
• Capacity to stay connected to the grid during faults without tripping the unit breaker
(based on LVRT curve).
• High rotor current during the fault is limited by crowbar action.
• Reactive power can be supplied to the grid during long dips for voltage restoration.
The LVRT curve is essentially a voltage versus time characteristic indicating the different
voltage requirements after the occurrence of a voltage sag. The LVRT scheme incorporates
grid codes that define that wind turbines must continue to operate if their after-fault voltage
profile remains above the LVRT curve. The LVRT characteristic utilized in the test system
simulation is shown in Figure 2.20 [55]. The test system built in this research work includes
an LVRT based protection scheme and crowbar circuit, the scheme of which is shown in
Figure 2.21. In a real power system, the required LVRT curve would be defined using the
custom programming feature of numerical relays.
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Figure 2.20: LVRT characteristics used in the test system
A fault far away from the wind farm can also lead to a voltage sag at the point of
interconnection of the wind farm to the grid. Due to the occurrence of a fault or a voltage
sag, the unit breaker trips if the voltage at the terminals of the generator goes lower than the
LVRT curve. During this period, the crowbar circuit is activated if the per-unit DC-Link
voltage goes higher than the threshold value by providing the appropriate gating signals
to the crowbar trigger circuit. Meanwhile, the RSC is turned off to protect the back-to-
back converter. During the crowbarred period, the crowbar resistance value used affects the
magnitude of the short circuit current. The impedance of the bypass crowbar resistors is
of importance but not critical. They should be sufficiently low to avoid too large a voltage
on the converter terminals. On the other hand, they should be high enough to limit the
current [56].
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Figure 2.21: DFIG unit breaker protection based on LVRT Scheme, converter blocking and
crowbar triggering
2.3.3.4 Validation of the Electromagnetic Transient Model
The validation of the EMT model is crucial as it is used as a benchmark model to
verify the accuracy of the other modeling techniques that have been discussed. The wind
farm consists of 150 Type 3 wind turbine generators each having a rated output of 3 MW.
Thus, the entire wind farm is expected to produce 450 MW real power output at steady
state operating conditions for a wind speed assumed to be constant. The EMT model of
the Type 3 wind farm is validated by subjecting the system to changes and observing the
corresponding response to see if it satisfies the performance requirements of the system.
Change in wind speed:
The wind farm is subjected to a change in wind speed from its operating wind speed of
15 m/s to 10 m/s and the response of the wind farm is studied. Figure 2.22 below shows
the change in the wind speed and the corresponding reduction in the real power output of
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the wind farm from its steady state output of 450 MW. The rotor side converter control
responds by changing the ir,q
∗, thereby bringing the real power output back to its steady
state value. This validates the steady state operation of the wind farm, i.e, whether it
responds as expected for a change in wind speed.
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Figure 2.22: Response of a Type 3 wind farm to change in wind speed
44
Change in reactive power reference:
Following this, the value of the reactive power reference, Qs
∗, is changed to a higher value
than the current operating value and the response of the wind farm in terms of its reactive
power output is observed. The reference Qs
∗ value is determined either from the terminal
voltage, the power factor, or the reactive power setting depending on the mode of control.
In this case, the reactive power reference is manually changed and the rotor side converter
control responds by changing the ir,d
∗ to a new corresponding value. This, in turn, changes
the actual reactive power output of the wind farm as shown in Figure 2.23.
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Figure 2.23: Response of a Type 3 wind farm to change in reactive power reference
Moreover, the functioning of the LVRT based protection, which is demonstrated in Sec-
tions 2.3.3.5 and 2.3.3.6, and the sub-synchronous interactions, which are shown in Chapter
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3, are by themselves a validation of the proper functioning of the EMT model that has been
built.
2.3.3.5 Application of Voltage Sag
A voltage dip or voltage sag is a sudden reduction (between 10 and 90 percent) of the
voltage at a point in the electrical system that lasts for half a cycle to 1 min. There can
be many causes for a voltage dip, namely short circuits somewhere in the grid, switching
operations associated with the temporary disconnection of a supply, flow of heavy currents
caused by the starting of large motor loads, arc furnaces, or transformer saturation.
Depending on the type of fault or disturbance causing them, voltage sags can be sym-
metrical or unsymmetrical in nature. Voltage sag characteristics are affected not only by the
fault type causing them but also the distance to the fault, the system configuration, and the
fault impedance [24]. An auto-transformer based voltage sag generator (VSG) component
was developed in order to simulate a voltage sag condition and observe the wind generators
response. The three phase VSG shown in Figure 2.24 is built using a three phase auto-
transformer and thyristor based switches. It has the ability to control the type and duration
of grid voltage sags. In the test system shown in Figure 2.16, the DFIG is now connected to
the grid through the VSG.
Symmetrical Voltage Sag:
The following scenarios are implemented in the test system in order to observe the re-
sponse of the DFIG for two different voltage sags:
Case 1 - 75 percent three phase voltage sag applied for 200 ms (at 7.0 s after start of
simulation).
Case 2 - 75 percent three phase voltage sag applied for 500 ms (at 7.0 s after start of
simulation).
The protection strategy is based on the criteria that if the RMS voltage at the terminals
of the wind turbine goes lower than the LVRT curve, the unit breaker trips. The breaker
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AB
C
A’
B’
C’
Grid side Generator 
side
Figure 2.24: Voltage sag generator schematic diagram
does not trip for Case 1 (2.25) but trips for Case 2, as shown in Figure 2.26. During this
period, if the per-unit DC-link voltage climbs higher than the threshold value (1.3 p.u in this
case), then the crowbar circuit is activated. In our simulations, the crowbar is not activated
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Figure 2.25: Response of DFIG to a 75 percent three phase voltage sag for 200 ms (Case 1)
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Figure 2.26: Response of DFIG to a 75 percent three phase voltage sag for 500 ms (Case 2)
for either case.
Unsymmetrical Voltage Sag:
Following this, a 75 percent phase A unsymmetrical voltage sag is applied (Case 3) and
the behavior of the DFIG is observed. Either the three phase RMS terminal voltage or the
phase A RMS voltage can be used to compare against the LVRT characteristic to determine
the unit breaker tripping. Figure 2.27 shows the phase A RMS terminal voltage compared
against the LVRT curve; the circuit breaker does not trip for this condition and the crowbar
is not triggered.
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Figure 2.27: Response of DFIG to a 75 percent phase A voltage sag for 200 ms (Case 3)
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2.3.3.6 Application of Faults
In this section, symmetrical (three phase) and unsymmetrical (single line to ground)
faults are applied to the test system at the point of interconnection (POI) of the wind farm
to the grid and the fault current behavior is studied for each case. POI is the node at which
metering for the wind farm is installed and is on the high voltage side of the main transformer
at the substation [10].
Symmetrical fault:
The response of the generator to a permanent three phase fault (Case 4) is shown in
Figure 2.28. In such a scenario, the unit breaker trips and the crowbar is triggered. When
the DC-link voltage exceeds the threshold, a spike in the crowbar current indicating crowbar
activation is shown.
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Figure 2.28: Response of DFIG to a permanent 3 phase fault (Case 4)
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For a 3 phase permanent fault, Figure 2.29 shows the dominant frequency components
present in the fault current obtained from fast Fourier transform (FFT) analysis. In order to
obtain the magnitude of the fundamental frequency and the DC component during the first
cycle after application of the fault, the FFT analysis was performed 0.016 s after the appli-
cation of the fault, i.e., at 7.016 s. This is because the FFT computations are based on the
sampled data window of the preceding input signal cycle. The 60 Hz frequency component is
the most dominant compared to other components with a magnitude of 7.7495 kA. The FFT
analysis is done at a base frequency of 60 Hz, so the fundamental 60 Hz frequency component
is represented by the first harmonic. The magnitude of the DC component obtained using
the FFT is 9.847 kA.
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Figure 2.29: FFT output of phase A stator current after fault application
Following this, a Prony analysis of the phase A stator current is done in TSATTM2. Prony
2TSATTM is a leading-edge full time-domain simulation tool designed for comprehensive assessment of
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analysis [57] samples the complex waveform and fits the record with a linear prediction
estimate model (i.e. sum of complex damped sinusoid components) y(t), which is given by
y(t) =
N∑
i=1
Aie
σitcos(2pifit+ φi), (2.30)
where Ai is the amplitude, σi is the damping coefficient, fi is the frequency and φi is the phase
angle of the ith frequency component. N is the total number of damped sinusoid components.
Prony analysis of the phase A stator fault current reveals the 60 Hz frequency component and
the DC component to be the most dominant components that constitute the waveform. Table
2.1 shows the parameters of the 60 Hz and DC components obtained from the analysis, where
the percentage damping is calculated by −σ/√σ2 + ω2 [58]. Consequently, the percentage
damping of the DC component (ω = 0) is obtained as 100 % irrespective of the sampling
time window.
Table 2.1: Prony analysis of phase A stator current
Magnitude (kA) Phase (deg) Frequency (Hz) Damping (%)
8.5698 0.000 0.000 100
7.3280 -114.970 60.225 1.294
The FFT results are obtained by sampling the first cycle of the waveform, whereas
the Prony analysis had to be done over a period of time after the fault application. The
Prony analysis also uses an approximate model to fit the waveform. This results in some
difference between the results obtained from these two methods. From the FFT and the
Prony analysis results, it is clear that the fault current is primarily composed of the 60 Hz
fundamental frequency component and the decaying DC component for a symmetrical fault
application. Figure 2.30 shows a fairly accurate reconstruction of the fault current using the
60 Hz frequency and DC components obtained from the results of Prony analysis compared
against the actual fault current waveform.
dynamic behavior of complex power systems. Its a component of DSATools.
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Figure 2.30: Prony analysis of phase A stator current after fault application
Unsymmetrical fault:
A single phase (Phase A) to ground fault of 200 ms is applied and the short circuit
behavior is observed. Figures 2.31 and 2.32 show the short circuit behavior when three
phase RMS voltage (Case 5) and phase A RMS voltage (Case 6) are compared against the
LVRT curve, respectively, in order to decide the unit breaker tripping [59]. The unit breaker
trips in the latter case. Similar FFT and Prony analyses of the phase A stator current
waveform revealed that the fundamental frequency and the decaying DC components were
the most dominant frequency components.
2.3.4 Type 4 Wind Turbine Generator
The Type 4 wind turbine generator’s stator is connected to the grid through a full power
AC-DC-AC converter. This means that the short circuit current is regulated and limited
to the rating of the power converter. It is common practice to have the converter rated at
1.1 pu with an overload capacity of 10 percent [46]. Thus Type 4 wind turbines can be
represented by a current source with upper and lower fault current limits for short circuit
analysis [37].
54
5 6 7 8 9
0
0.5
1
L
V
R
T
, 
V
te
rm
in
a
l 
(p
u
),
 
U
n
it
 B
re
a
k
er
 T
ri
p
 S
ig
n
a
l
 
 
6 6.5 7 7.5 8 8.5 9 9.5
-2
0
2
4
V
d
c 
(p
u
),
 V
d
c 
T
h
re
sh
o
ld
 (
p
u
)
 
 
6.8 6.85 6.9 6.95 7 7.05 7.1 7.15 7.2
-20
-10
0
10
20
Time (s)
3
 p
h
a
se
 s
ta
to
r 
cu
rr
en
ts
 (
k
A
)
C
ro
w
b
a
r 
C
u
rr
en
t 
(k
A
)
-2
0
2
4
LVRTUnit B
Vterminal(pu)
Vdcpu 
exceeds 
threshold
Vdc 
threshold
Icrowbar
Phase A
Phase B
Phase C
Figure 2.31: Phase A-G fault response (Case 5)
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Figure 2.32: Phase A-G fault response (Case 6)
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2.4 Summary
This chapter discusses not only the different types of wind turbine generators, but also
the unique factors of each of these generators that influence their short circuit modeling
accuracy. The typical short circuit behavior of each wind generator type was discussed,
with the emphasis being on Type 3 wind generators as the main focus of this thesis. This
characterization of the short circuit behavior will be used in Chapter 3 to determine which
modeling techniques are well suited for each of the wind generators along with the advantages
and disadvantages of each technique.
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Chapter 3
Short Circuit Modeling of Wind Turbine
Generators
3.1 Introduction
Short circuit modeling of wind turbine generators is crucial for finding the relay settings
and equipment ratings and for protection coordination in a wind integrated power system.
Various modeling techniques, from a simple electromechanical fundamental frequency model
to a detailed EMT model, have been used to represent the short circuit behavior of wind
turbine generators. The choice of the appropriate modeling technique depends on the degree
of accuracy and level of sophistication needed for a particular study.
In Chapter 2, the typical short circuit behavior of the different types of wind turbine
generators was characterized. This chapter presents a critical review of the commonly used
techniques for modeling the short circuit behavior of wind turbine generators with their
advantages and limitations. The short circuit studies done in Chapter 2 are used as the
basis to select the appropriate modeling technique to accurately represent each type of wind
generator.
The accuracy of these modeling techniques is validated against results from detailed EMT
benchmark models. In order to do so, the envelope of the fault current must be obtained to
find the RMS value of the fault current at the inception of the fault. For instance, the phase
A fault current obtained from the detailed EMT simulation of a Type 1 wind generator
for a three phase symmetrical fault at its terminals is considered. The upper and lower
envelopes of the fault current waveform, as shown in Figure 3.1 below, are obtained and
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extrapolated to the instant of fault application [17]. MATLABTM 1 curve fitting toolbox
is used to obtain the fault current envelopes. Subtracting the value IL from IU gives the
peak to peak fault current at fault inception from which the RMS value of fault current
can be obtained. The RMS fault current at fault inception obtained from this method is
(11.123− 0.06)kA/2√2 = 3.91kA.
6 6.1 6.2 6.3 6.4 6.5 6.6 6.7 6.8 6.9 7
0
2
4
6
8
10
12
Time (s)
U
p
p
er
 a
n
d
 L
o
w
er
 E
n
v
el
o
p
es
 o
f 
fa
u
lt
 
cu
rr
en
t 
(k
A
)
  Lower Envelope
  Upper Envelope
Fault Current
IU (11.123 kA)
IL (0.06 kA)
Figure 3.1: Upper and lower envelopes of the fault current waveform
As will be demonstrated in the forthcoming chapters, there are certain scenarios in which
the fault current waveform does not exhibit the typical behavior of reaching the maximum
value immediately after the fault application. In these cases, the fault current magnitude
after the first few cycles tends to be higher than the magnitude immediately after the fault
application.
1MATLABTM is a registered trademark of The MathWorks, Inc. MATLAB is a high-level language and
interactive environment for numerical computation, visualization, and programming.
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3.2 Voltage behind Transient Reactance Representa-
tion
This method is based on modeling the wind generator as a VBR circuit to represent
its short circuit behavior. In this method, the sequence component networks are used as
the basis for calculating the parameters of the VBR representation from which the short
circuit current value at the inception of the fault can be calculated. The basis for this
representation is that the generator’s rotor flux remains relatively unchanged for a short
duration immediately after a fault occurs, which allows the fault current to be calculated
using basic circuit theory with the stator windings short-circuited [17].
3.2.1 Type 1 Wind Generator
For a symmetrical three phase fault applied at the terminals of the generator, it is studied
whether the positive sequence network of the Type 1 wind generator test system (Figure
2.7) is sufficient to find the RMS value of the fault current at the inception of the fault. The
equivalent circuit of the Type 1 wind generator test system is shown in Figure 3.2 below. It
should be noted that, in all calculations, the rotor side parameters have been referred to the
stator side. The positive sequence network is derived from this equivalent circuit.
The transient reactance of the machine (X’) and the voltage behind the transient re-
actance (V’) can be calculated from the equivalent circuit [17] and are expressed by the
equations
jX ′ = jXs + j(Xr‖Xm) (3.1)
and
V ′ = V∞ + jIs(X ′ +Xline +Xtransformer), (3.2)
where Xs, Xr, and Xm are the stator, rotor, and mutual reactances respectively, V∞ is the
voltage at the infinite bus (grid), and Is is the stator current. The winding resistances are
not considered in the calculations as they have negligible values. However, this assumption
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Figure 3.2: Equivalent circuit of the Type 1 wind generator test system
is not valid for Type 2 and 3 wind generators as they have external rotor resistance and
crowbar resistance effects, respectively.
From the X’and V’ values, the short circuit current at the inception of the fault can be
found from the equation
Isc =
V ′
X ′
. (3.3)
The positive sequence network used for the voltage behind transient reactance representation
of a Type 1 wind generator for a symmetrical fault is shown in Figure 3.3 below. All of the
resistances have been neglected.
For an unsymmetrical Phase A to ground fault applied at the terminals of the generator,
the methodology to find the fault current is very similar except that the sequence network
of the test system would now also include the negative sequence component network. The
negative sequence impedance is the same as the positive sequence impedance and all of the
resistances are neglected. As the generator is wye-ungrounded and the unit transformer
is delta on the secondary, there are no zero sequence components present. Hence the zero
sequence network is not included. The positive and negative sequence networks are connected
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Figure 3.3: Voltage behind transient reactance model (positive sequence network) of Type
1 wind generator test system for symmetrical fault
in series for finding the fault current for a single line to ground fault.
Table 3.1 below shows the values of the Phase A RMS fault currents at the inception of
the fault obtained from a detailed EMT model found using the upper and lower envelopes
described before and from the VBR model for both symmetrical and unsymmetrical faults.
The voltage behind transient reactance representation is fairly accurate with respect to
representing the short circuit behavior of a Type 1 wind generator, even while neglecting the
winding resistances and considering only the winding reactances.
Table 3.1: Comparison of results for Type 1 wind generator - ungrounded system
Modeling 3 phase fault current Phase A-G fault current (ungrounded)
EMT 3.91 kA 2.51 kA
V BR 3.951 kA 2.632 kA
A test case with a wye-grounded generator and wye-wye grounded unit transformer was
modeled to assess the impact of the zero sequence component on the fault current magnitude
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and to find the accuracy of the VBR modeling. The zero sequence impedances for the
generator, transformer, and transmission line respectively are half of, equal to, and 2.5 times
of the positive sequence impedance. The result obtained as compared against the EMT
result is shown in Table 3.2.
Table 3.2: Comparison of results for Type 1 wind generator - grounded system
Modeling Phase A-G fault current (grounded)
EMT 5.424 kA
V BR 5.842 kA
3.2.2 Type 2 Wind Generator
This section discusses the modeling of a Type 2 wind generator test system with the
sequence networks for the symmetrical and unsymmetrical faults to find the fault current
values. In case of a Type 1 wind generator, using only the reactance values (neglecting the
winding resistances) to calculate the transient reactance gave sufficiently accurate results.
However, it was shown in Section 2.3.2 (Refer Figure 2.14) that the external rotor resistance
value for a Type 2 wind generator plays an important role in determining the magnitude of
the fault current.
This means that the external rotor resistance Rrext should be included in the calculation
of the transient impedance Z ′ (transient reactance was used for Type 1 wind generator)
which is shown in Equation 3.4 below. Figure 3.4 shows the voltage behind transient reac-
tance representation (positive sequence network) of the Type 2 wind turbine generator for
a symmetrical three phase fault application where the winding resistances and the external
rotor resistance have been included for the fault current calculation.
Z ′ = (Rs + jXs) + (((Rr +Rrext)/s+ jXr)‖jXm) (3.4)
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Figure 3.4: Positive sequence network of Type 2 wind generator test system
Further, the voltage behind the transient impedance and the short circuit current are calcu-
lated from the equations
V ′ = V∞ + Is(Z ′ +Rline + jXline + jXtransformer) (3.5)
and
Isc =
V ′
Z ′
. (3.6)
Similarly, for an unsymmetrical phase A to ground fault at the terminals of the Type 2
wind generator, the fault current at the inception of the fault is calculated from the positive
and negative sequence symmetrical component circuits connected in series. However, the
negative sequence impedance is calculated as
Z ′− = (Rs + jXs) + (((Rr +Rrext)/(2− s) + jXr)‖jXm) (3.7)
Table 3.3 shows the values of short circuit currents calculated for symmetrical and unsym-
metrical fault conditions with and without considering the rotor external resistance. These
are compared against the results from the detailed EMT simulation model. VBR1 represents
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the model results neglecting the effect of rotor external resistance and VBR2 represents the
model results including the effect of rotor external resistance. Including the rotor external
resistance value for the three phase fault current calculation reduces the accuracy error for
both symmetrical and unsymmetrical fault representations.
Table 3.3: Comparison of results for Type 2 wind generator
Modeling Three phase fault current (kA) Phase A-G fault current (kA)
EMT 3.025 1.944
V BR1 3.9602 2.759
V BR2 3.1668 2.074
The VBR method of modeling can be used to calculate fairly accurately, the symmetrical
and unsymmetrical fault current contributions of Type 1 and Type 2 wind generators at the
inception of the fault.
3.2.3 Type 3 Wind Generator
This section discusses the accuracy of the VBR model for a Type 3 wind generator.
The short circuit behavior of a Type 3 wind generator is much more complex compared to
the Type 1 and Type 2 wind generators. Some of these complexities have been discussed
previously in Section 2.3.3 and others will be discussed in the forthcoming chapters.
To find the accuracy of the voltage behind transient reactance model, the short circuit
current behavior obtained from the detailed EMT model shown in Section 2.3.3.6 is used as
a benchmark. Envelopes are used to find the fault current at the inception of the fault from
the EMT simulation results.
Figure 3.5 shows the positive sequence network of the Type 3 wind generator [15] where
the rotor crowbar resistance is included in the circuit to protect the back-to-back converter
in case of a fault scenario. It was shown in Section 2.3.3.6 that the crowbar is not triggered
throughout the duration of the fault application in the detailed EMT model. However, this
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is not the case in VBR modeling where the crowbar is assumed to be triggered during the
entire duration of the fault, which reduces the modeling accuracy.
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Figure 3.5: Voltage behind transient reactance model (positive sequence network) of Type
3 wind generator test system for a symmetrical fault
The fault current for a symmetrical three phase fault applied at the terminals of the
generator is found using the positive sequence network where the net rotor resistance is
calculated as (Rr+Rcrowbar)/s. All of the winding resistances and the rotor crowbar resistance
are included in the short circuit current calculations. In the case of an unsymmetrical fault
at the terminals of the generator, both the positive and negative sequence networks are
included in the calculations. The net rotor resistance for the negative sequence network is
calculated as (Rr + Rcrowbar)/(2 − s). Table 3.4 below shows the accuracy of the voltage
behind transient reactance model for representing the Type 3 wind generator’s symmetrical
and unsymmetrical fault behavior compared to the benchmark EMT model. It is not as
accurate as demonstrated for the Type 1 and 2 wind generators.
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Table 3.4: Accuracy of voltage behind transient reactance modeling for Type 3 wind gener-
ator
Modeling Three phase fault current (kA) Phase A-G fault current (kA)
EMT 6.31 4.80
V BR 6.618 3.8808
3.2.4 Section Summary
In the VBR modeling method, the positive sequence network equivalent was used for
symmetrical three phase fault calculations. The sequence network consisting of the positive
and negative sequence components was used for unsymmetrical phase A to ground fault
calculations. This modeling technique was determined to be accurate enough for representing
Type 1 and 2 wind generators. The inclusion of the external rotor resistance for short circuit
calculations improved the modeling accuracy for Type 2 wind generators. However this
method is not as accurate for a Type 3 wind generator. This modeling technique yields the
fault current at the moment the fault occurs but not during the entire fault duration.
3.3 Representation by Analytical Expression
This method is based on representing the short circuit current behavior of wind gen-
erators by means of an analytical expression obtained for the stator fault current from the
per phase equations used to represent an induction machine for transient studies. These
equations in a synchronously rotating reference frame are given by
ψs = Lsis + Lmir, (3.8)
ψr = Lrir + Lmis, (3.9)
Vs = Rsis + ωsψs +
dψs
dt
, (3.10)
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and
Vr = Rrir + σωsψr +
dψr
dt
. (3.11)
As discussed in reference [14], the expression for the phase A stator fault current is
Isa =
√
2
Vs
Z ′
[e−t/Ts cosα− (1− l)ejωste−t/Tr cos (ωst+ α)]. (3.12)
Ls−eqv is the equivalent inductance looking from the stator into the short circuited rotor
given by Ls+(Lr‖Lm) and Lr−eqv is the equivalent inductance looking from the rotor into the
short circuited stator given by given by Lr + (Ls‖Lm) where Lm is the mutual inductance.
Ts and Tr are the damping time constants of the stator and rotor, respectively. They are
computed using Ts = Ls−eqv/Rs and Tr = Lr−eqv/Rr−eff . Rs is the stator winding resistance.
Rr−eff is the effective rotor resistance and varies with the wind generator type under study.
Ls and Lr are the stator and rotor winding self inductances. l is the leakage factor, which is
calculated as 1− (L2m/LsLr). All rotor parameters are referred to the stator side. Z ′ is the
transient impedance and α is the voltage phase angle. The stator fault current for all of the
wind generator types is obtained using the above Equation 3.12; however, the calculation of
Tr, and Z
′ are dependent on the type of wind generator under study.
3.3.1 Type 1 Wind Generator
As discussed previously, the stator fault current of a Type 1 wind generator can be
resolved into two components, namely an AC and a DC component [46] that are shown in
Figures 3.6 and 3.7, respectively. The DC component shown in Figure 3.7 and in the first
term of Equation 3.12 is damped with a time constant of Ts. Similarly the AC component
shown in Figure 3.6 and in the second term of Equation 3.12 is damped with a time constant
of Tr. This behavior is expressed mathematically by the above Equation 3.12 where, for a
Type 1 wind generator, it is sufficient to use the value of the transient reactance X ′ (Refer
Equation 3.1) for Z ′ and Lr−eqv/Rr for Tr.
The phase A stator fault current for a symmetrical three phase fault obtained from this
analytical expression is compared against that obtained from the EMT model as shown in
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Figure 3.6: AC Component of Phase A fault current
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Figure 3.7: DC Component of Phase A fault current
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Figure 3.8. This representation by the analytical expression gives highly accurate results for
a Type 1 wind turbine generator.
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Figure 3.8: Three phase fault - Phase A stator currents - Type 1 wind generator - EMT
model versus analytical expression
3.3.2 Type 2 Wind Generator
Similar to a Type 1 wind generator, the short circuit current of a Type 2 wind generator
is found from the mathematical expression in Equation 3.12. The effect of the external rotor
resistance on the short circuit behavior was explained in Section 2.3.2 according to which,
the model accuracy improves significantly by including the rotor external resistance value in
the calculations.
This aspect is achieved by using a value of
√
X ′2 +R2rext for Z
′ in the denominator term
ignoring the stator and rotor winding resistances [14]. The rotor decay time constant is
calculated as Tr = Lr−eqv/(Rr + Rrext) for a Type 2 wind turbine generator. Figure 3.9
shows the short circuit current waveforms obtained from the above mathematical expression
with and without considering the external rotor resistance and compared against the EMT
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model results. The short circuit current obtained considering the external rotor resistance
is more accurate and closer to the results from the EMT model.
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Figure 3.9: Phase A Stator Currents - Type 2 wind generator - EMT model versus analytical
expression
3.3.3 Type 3 Wind Generator
Because different complexities influence how a Type 3 wind generator behaves for a short
circuit, it is a challenging task to accurately represent it using simple modeling techniques.
Some of these complexities, such as the unit breaker protection logic based on a LVRT
scheme with crowbar circuit, were discussed previously.
In order to include the effect of the rotor crowbar resistance, the transient impedance
calculated as Z ′ =
√
X ′2 +R2crowbar ignoring the stator and rotor winding resistances and
the rotor decay time constant calculated as Tr = Lr−eqv/(Rr + Rcrowbar) are used in the
Equation 3.12. The accuracy of this mathematical model as compared to the EMT model is
shown in Figure 3.10. This model is not as accurate for Type 3 wind generators as for Type
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1 and 2 wind generators. Though the effect of the crowbar resistance is taken into account,
it is still not accurate because this method considers the crowbar resistance to be included
in the rotor circuit for the entire duration of the fault. In reality, the duration of application
of the crowbar for a Type 3 wind generator is determined by the variation of the DC-link
voltage during the fault, as explained in Section 2.3.3.3.
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Figure 3.10: Phase B stator currents - Type 3 wind generator - EMT model versus analytical
expression
3.3.4 Section Summary
The mathematical method of short circuit modeling discussed in this section is capable
of producing the fault current waveform as a function of time for the entire fault duration.
This is not possible by using the previously discussed VBR representation, which only gives
the fault current at the inception of the fault. This method is fairly accurate for short
circuit representation of Type 1 and Type 2 wind generators. Though the effect of the
crowbar resistance is taken into account for a Type 3 wind generator modeling, the duration
of application of the crowbar is assumed to be for the entire fault duration. This leads to
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inaccuracy in representing the exact behavior.
3.4 Voltage Dependent Current Source Modeling
3.4.1 Introduction
The short circuit behavior of Type 1 and Type 2 wind generators can be sufficiently
represented using the previously discussed simple modeling techniques. Type 4 wind gen-
erators, with their fault current limited by their full power converter, can be accurately
represented by a current source with upper and lower limits based on the converter rating
for short circuit analysis [37]. Inaccuracies were present in the modeling methods for Type 3
wind generators discussed so far. The voltage dependent current source modeling discussed
in this section and the discussions in the forthcoming sections focus specifically on modeling
short circuits in Type 3 wind turbine generators.
3.4.2 Type 3 Wind Generator Modeling
The method of modeling discussed in this section is based on representing the short
circuit behavior of wind generators by voltage dependent current source models defined by
look up tables. These look up tables contain data in the form of maximum and minimum
short circuit current values as a function of the point of interconnection voltage.
The short circuit data that form the look up table can be obtained by measuring the
maximum and minimum short circuit current of the wind generator when the point of inter-
connection voltage is varied by applying voltage sags in the range of 20 to 90 percent [37].
The application of voltage sags and the voltage sag generator topology were discussed in
detail in Section 2.3.3.5. The short circuit behavior in terms of the phase A stator current
as observed for the different voltage sags are shown in Figure 3.11. A detailed EMT model
of the Type 3 wind generator was used in these cases to obtain the short circuit currents.
In some cases in Figure 3.11, the stator current does not reach its maximum value im-
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mediately after application of the sag. Rather, it tends to be higher immediately after the
sag period when the voltage recovers. In such cases, using envelopes to find the fault cur-
rent magnitude gives the fault current at the inception of the fault but not necessarily the
maximum value, which is essential to determine relay settings.
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Figure 3.11: Short circuit currents for different percentages of 3-phase voltage sags for a
Type 3 wind generator
The loci of the maximum and minimum fault currents obtained for different percentage
sags form the upper and lower fault current envelopes, respectively, as shown in Figure 3.12.
The data from these envelopes in the form of a look up table were used to model the voltage
dependent current source model as shown in Figure 3.13 below.
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Figure 3.13: Voltage dependent current source model of Type 3 wind generator
3.4.3 Section Summary
The voltage dependent current source model is capable of generating the short circuit
current characteristics of the Type 3 wind generator using a black-box like approach. The
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accuracy of this model, i.e., the accuracy of the short circuit current envelopes, depends on
the level of sophistication of the actual model used to obtain the maximum and minimum
fault currents. In this case, a detailed EMT model was used for that purpose. It is clear
that the voltage dependent current source model is not a stand-alone model, as it requires
the short circuit current values to be obtained from detailed EMT models or from the wind
generator manufacturer.
3.5 Summary
Voltage behind transient reactance modeling is a fairly accurate method for Type 1 and
2 wind generators; however, it is not as accurate for Type 3 wind generators. The accuracy
of this approach improves with the inclusion of the rotor external resistance and the crowbar
resistance for modeling Type 2 and Type 3 wind generators, respectively.
Representation using the analytical expression is highly accurate for short circuit mod-
eling of symmetrical fault behavior in both Type 1 and Type 2 wind generators. The same
level of accuracy is not achieved for Type 3 wind generator representation as this model does
not consider complexities such as crowbar activation based on LVRT characteristics.
The voltage dependent current source model is capable of representing the Type 3 wind
generator short circuit behavior through a black-box like approach, and its accuracy depends
on the sophistication of the model that is actually used to obtain the fault current envelopes.
Thus, it is not a standalone model to represent the short circuit behavior of a Type 3 wind
generator.
Chapter 4 introduces scenarios under which the fault current contribution of the Type
3 wind generator could be more complex in terms of containing sub-synchronous frequency
components. This illustrates the requirement for models to be able to not only model the
fundamental frequency behavior but also the non-fundamental frequency components.
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Chapter 4
Sub-synchronous Frequencies in Type 3 Wind
Generator Fault Current Behavior
4.1 Introduction
As far as Type 3 wind farms are concerned, there could be fault conditions where the
fault current may contain sub-synchronous frequency components that influence the fault
current magnitude. One such event of sub-synchronous interactions in a Type 3 wind farm
was reported in Texas in October 2009 [32]. The normal clearing of a fault on a 345 kV
transmission line led to a network configuration where two Type 3 wind farms got radially
connected to a series compensated transmission line. This configuration led to the develop-
ment of sub-synchronous control interactions between the series compensated transmission
line and the wind farms, which resulted in current distortion, damage to the control circuits
in the wind farms, and severe over-voltages.
In this chapter, a scenario is created where sub-synchronous control interactions occur in
a Type 3 wind farm connected to a series compensated transmission. This is done using a
detailed EMT model built for both symmetrical and unsymmetrical fault conditions. This
is followed by frequency analysis of the fault current with the sub-synchronous component
present, giving valuable insights for the proposed modeling in Chapter 5.
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4.2 Sub-synchronous Frequency Components in the Fault
Current
Wind farms are located in wind-rich areas that are usually far away from load centers.
This implies that these wind farms must be connected to load centers through long trans-
mission lines. These transmission lines are series compensated in order to improve their
power transfer capability, with the compensation providing a virtual reduction of the line
reactance. Figure 4.1 shows the test system in which a Type 3 wind farm is connected to a
series compensated transmission system, where RL and XL represent the transmission line
resistance and inductive reactance, respectively. XC represents reactance of the series ca-
pacitor compensation. The series capacitor has a bypass switch that can be opened in order
to include the series compensation in the line. The wind farm is represented by a single
equivalent machine.
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Figure 4.1: Type 3 wind generator test system with series compensation
The use of series compensation introduces the risk of sub-synchronous resonance (SSR)
[60] and sub-synchronous control interactions (SSCI) [6,54] in power systems. Sub-synchronous
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resonance is the power system condition in which the series compensated electrical network
exchanges energy with the turbine generator shaft system at sub-synchronous frequencies of
the system. SSR occurs when there is a correlation between the natural mechanical torsional
modes of oscillation of the generator turbine system and the electrical network resonant fre-
quency. This is known as the torsional interaction effect. This leads to a high level of energy
exchange between the network and the turbine generator, resulting in sustained or growing
oscillations that can eventually lead to turbine shaft damage. The other cause for the occur-
rence of SSR is the induction generator effect. The induction generator effect occurs due to
self-excitation, when the total resistance of the series resonant circuit (generator and series
compensated transmission line) is negative at sub-synchronous frequencies creating negative
damping.
SSCI is a relatively new phenomenon in which the wind turbine controls have been
observed to interact with the series compensated transmission line. Specifically, it is the
control interaction between the power electronic control system and the series compensated
transmission line. SSCI has no fixed frequency of concern, as the frequency of oscillations
is based on the configuration of the controls and electrical system. The SSCI phenomenon
is mainly observed in Type 3 wind generators connected to series compensated transmission
lines due to the controllers of the back-to-back converter being connected between the rotor
of the generator and the grid.
Such an interaction phenomena for a Type 3 wind farm has been studied in [6] which
also identifies the control loops in the RSC that are responsible for the sub-synchronous
interactions. This indicates how the SSCI phenomena can be attributed to the interaction
between the series compensated network and the power electronic converter of the Type
3 wind generator. In order to study such a phenomena, the test system shown in Figure
4.1 is modeled. The wind turbine generator can be seen as a controllable impedance, the
impedance of which depends upon settings of the controller. The test system parameters are
given in Appendix A.3.
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4.3 Test Simulation and Analysis
4.3.1 Wind Farm Aggregation
It is important that the fault contribution is found not only from a single wind generator
but from an entire wind farm. A wind farm consists of several wind generator-transformer
units that are connected to the main sub-station transformer through cables running from
each unit. These cables form the collector circuit of the wind farm. This means that the
fault calculations now must take into account the collector circuit impedances as well.
However, the fault contribution from a wind farm can be accurately calculated without
taking the collector impedances into account and the equivalencing of a wind farm can be
made simple yet accurate by ignoring all cable impedances [18, 48]. The difference in the
total impedance of the wind farm with and without the cable was found to be less than 3
percent [48].
The research work in this thesis uses an aggregate model of the Type 3 wind farm to study
its short circuit behavior. The collective behavior of a group of wind turbines is represented
by an equivalent lumped machine. This assumption is supported by several recent studies
that suggest that wind farm aggregation provides a reasonable approximation for system
interconnection studies [54].
4.3.2 Application of Symmetrical Fault
The bypass switch of the series capacitor (53.4 F) shown in Figure 4.1 is opened 5 s
after the start of simulation, thereby introducing a series compensation of 50 percent on
the transmission line. Following this, a 200 ms three phase fault is applied 8.0 s after the
start of the simulation at the point of interconnection of the wind farm to the grid. The
Phase A stator fault current measured is shown in Figure 4.2. A buildup of sub-synchronous
oscillations can be observed in the fault current waveform.
Figure 4.3 compares the phase A stator currents obtained from a straightforward three
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Figure 4.2: Type 3 wind farm symmetrical fault current with sub-synchronous frequency
components
phase fault and a three phase fault with the SSCI component present. The magnitude
of the fault current is significantly affected by the SSCI occurrence. This again confirms
that models that are only able to represent the fundamental frequency components will be
inaccurate for determining such complex fault behavior.
Now the stator current waveform is scanned using FFT to determine the relative mag-
nitude of the sub-synchronous frequency component as compared to the fundamental fre-
quency component. Figure 4.4 shows the relative magnitudes of the harmonic components
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Figure 4.3: Comparison of stator fault current without and with SSCI for a three phase fault
of the phase A stator fault current waveform (base frequency of 6 Hz is used for FFT). The
dominant frequency components are the fundamental frequency component (60Hz) and the
sub-harmonic frequency component (≈ 36Hz).
Following this, a Prony analysis of the stator current waveform is done. The results of the
Prony analysis in Figure 4.5 show that, apart from the fundamental frequency component, a
sub-synchronous component of approximately 36.5 Hz is also present in the current waveform.
Table 4.1 shows the relative magnitudes of the most dominant frequency components. These
results correspond with the FFT analysis done before.
Table 4.1: Prony analysis of phase A symmetrical fault current with SSCI
Magnitude (kA) Phase (deg) Frequency (Hz) Damping (%)
3.3879 8.627 60.030 -0.002
0.5571 74.781 36.485 7.638
Unsymmetrical fault (phase A to ground fault) behavior was studied in a manner
similar to symmetrical fault behavior as discussed in the previous section. Following the
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Figure 4.4: FFT analysis of phase A symmetrical fault current with SSCI
insertion of the series compensation of 53.4 µF (50 percent compensation), a 200 ms phase
A to ground fault was applied and the fault current behavior was analyzed. Figure 4.6
shows the comparison of phase A fault currents for a phase A to ground fault applied with
and without the insertion of the series compensation. The figure shows that SSCI has a
significant impact on the magnitude of the fault current.
For the unsymmetrical fault scenario, the fault current waveform was again analyzed
with FFT and Prony analysis. The fault current’s dominant frequency components were the
fundamental frequency and the 36.5 Hz sub-synchronous frequency components due to the
occurrence of SSCI.
Symmetrical and unsymmetrical fault application and analysis for a 30 percent and a 70
percent compensated transmission line show that SSCI phenomena occur introducing their
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Figure 4.5: Prony analysis of phase A symmetrical fault current with SSCI
characteristic sub-synchronous frequency components (≈ 28Hz and ≈ 42Hz respectively).
The FFT analysis of the phase A stator fault current for these scenarios is shown in Figure
4.7 indicating the dominant frequency components.
4.4 Frequency Scanning
The resonant frequency at which possible sub-synchronous oscillations could occur is
found using the frequency scanning technique. This involves determining the magnitude and
phase angle of the driving point impedance when looking into the system from the generator
terminals for all scanning frequencies. The magnitude and the phase angle values obtained
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a symmetrical fault
from the frequency scan are plotted as a function of the scanning frequency. From this plot,
the network resonant frequency at which sub-synchronous interactions could occur can be
found. This is the frequency at which there is a change in sign of the phase and a dip in
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the impedance magnitude. This corresponds to a series network resonance seen by the wind
farm under study [27].
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From the Prony analysis in the previous section, the most dominant frequency component
observed following the fundamental frequency component was the sub-synchronous compo-
nent of 36.5 Hz for a 50 percent series compensated line. Figure 4.8 shows the results of
the frequency scanning for three different percentages of series capacitor compensation. For
50 percent compensation, there is a dip in the impedance magnitude and a corresponding
change of sign of the phase angle at a frequency of 36.5 Hz. This frequency corresponds
to the frequency of the sub-synchronous component present in the stator current. This re-
establishes the insertion of the series compensation as the reason behind the occurrence of
86
the sub-synchronous component in the current waveform. Similarly, the impedance magni-
tude and phase angle variation with frequency for the other series capacitor compensation
levels can be observed to have their respective values of resonant frequency.
4.5 Representation by Modeling Methods
The accuracy of models representing sub-synchronous interactions is determined not only
by the ability to represent fundamental frequency characteristics but also sub-synchronous
frequency components. As discussed previously, the voltage behind transient reactance and
the representation using analytical expression are fundamental frequency models. This means
they are not capable of representing the sub-synchronous interaction behavior of Type 3 wind
generators. This is a major factor that reduces the accuracy of these models to represent
such behavior of Type 3 wind generators.
The voltage dependent current source model discussed in Section 3.4 is capable of repre-
senting the complex short circuit behavior of Type 3 wind generators. However, the following
issues reduce the suitability of this method:
• This model is not a stand alone model as it is dependent on another modeling method
(electromagnetic transient model in this case) or the manufacturer to obtain the fault
current envelopes.
• As the fault current does not reach its maximum immediately after the application of
the fault, using envelopes to find the fault current at the inception of the fault does
not necessarily give the maximum fault current.
4.6 Summary
The fundamental frequency electro-mechanical modeling methods are not capable of
accurately representing the short circuit behavior of Type 3 wind generators as they are not
capable of including the effect of sub-synchronous interactions. A voltage dependent current
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source, though accurate, is not a standalone model. Due to these factors, development of
a model that is accurate and simplified compared to the EMT model and with the ability
to represent sub-synchronous frequency interactions is required. Chapter 5 discusses the
proposed modeling approach of the Type 3 wind generator and its application.
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Chapter 5
Dynamic Phasor Modeling of Type 3 Wind
Generators
5.1 Introduction
The various short circuit modeling complexities of the Type 3 wind generator and their
degree of influence on short circuit behavior were explained in the previous chapters. In
order for the short circuit behavior to be accurately represented, the model developed must
be capable of taking into account these complexities. Power utilities worldwide use either
fundamental frequency representations or detailed EMT models in their transient programs
to model the short circuit behavior of wind generators.
The fundamental frequency model provides a simplified method of modeling, but is in-
capable of incorporating some critical aspects of Type 3 wind farm behavior, such as non-
fundamental frequencies, making it inaccurate. EMT simulation is a widely accepted method
for accurately modeling the behavior of complex power system components. It is capable of
modeling every component of the test system in detail and including all of the associated
frequency components. Even though EMT modeling is highly accurate and capable of de-
tailed modeling, it is a cumbersome task when it comes to modeling a system of considerable
size and complexity, such as a Type 3 wind farm consisting of hundreds of wind generators.
The highly accurate nature of the EMT model lends itself to be used as a benchmark model
to validate the proposed modeling technique.
In this chapter, an accurate model that is neither based on fundamental frequency sim-
plifications nor as cumbersome as a detailed EMT model is proposed and implemented for
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representing Type 3 wind farm short circuit behavior. A middle ground between the funda-
mental frequency and EMT models is achieved using this proposed modeling method. This
method is based on the generalized averaging scheme discussed in reference [38], in which
the variables of the power system under study are represented as dynamic phasors or time
varying Fourier coefficients. This method of modeling, also known as dynamic phasor mod-
eling can be used to select only the required frequency components to accurately represent
the desired fault behavior of a Type 3 wind farm.
This chapter introduces the dynamic phasor modeling approach in general, followed by
the derivation of modeling equations for the Type 3 wind farm in particular. The advantages
of this technique over conventional modeling methods are discussed. Following this, the
ability of this technique to represent different fault behaviors of the Type 3 wind farm is
put to test and the accuracy of the results obtained are discussed and validated against
benchmark EMT models.
5.2 Dynamic Phasor Approach
The Fourier series representation of a complex time domain periodic signal x(τ) with a
period T is given by
x(τ) =
∞∑
k=−∞
Xk.e
jkωτ (5.1)
where ω = 2pi/T andXk is the k
th complex Fourier coefficient. When power system transients
occur, the time domain signal is no longer purely periodic. In order to represent complex
transient waveforms such as these, use of a modified form of the above shown Fourier series
representation is required. This modified representation is known as dynamic phasors rep-
resentation and is based on generalized averaging theory [38]. This model approximates the
time domain waveform x(τ) in the interval τ(t− T, t] by a Fourier series representation as
x(τ) =
∞∑
−∞
Xk(t).e
jkωτ . (5.2)
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In this representation, the Fourier coefficients Xk are time varying [45]. 〈x〉k(t) is the kth
time varying Fourier coefficient, which is defined as
Xk(t) =
1
T
∫ t
t−T
x(τ).e−jkωτdτ = 〈x〉k(t). (5.3)
This is represented as 〈x〉k in the upcoming sections for the sake of simplicity. The
appropriate dynamic phasors (Fourier coefficients) to accurately represent the short circuit
behavior of the Type 3 wind generator must be determined. If K is the set of selected Fourier
coefficients, the equation
x(t) ≈
∑
kK
Xk(t).e
jkωτ (5.4)
is the Fourier series approximation of the original signal.
The above definition of dynamic phasor modeling can be extended for a three phase
system with the equations 
xa(τ)
xb(τ)
xc(τ)
 =
∞∑
−∞

Xa,k(t)
Xb,k(t)
Xc,k(t)
 .ejkωτ (5.5)
and 
Xa,k(t)
Xb,k(t)
Xc,k(t)
 = 1T
∫ t
t−T

xa(τ)
xb(τ)
xc(τ)
 .e−jkωτdτ =

〈xa〉k(t)
〈xb〉k(t)
〈xc〉k(t)
 . (5.6)
The following properties of dynamic phasors are important in developing the model:
1. The relation between the derivative of x(τ) and the derivative of Xk(t) is given by〈
dx(t)
dt
〉
k
=
dXk(t)
dt
+ jkωXk(t). (5.7)
2. The product of two time-domain variables equals a discrete time convolution of the
two dynamic phasor sets of variables given by
〈xy〉k =
∞∑
l=−∞
(Xk−lYl). (5.8)
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Dynamic phasor modeling based on the generalized averaging theory has great potential
and offers a number of advantages over conventional modeling methods. First, it makes
the modeling computationally efficient compared to EMT modeling as only appropriate
dynamic phasors are selected. Second, the selection of set K permits consideration of a wider
bandwidth of frequencies, such as non-fundamental frequencies, making the method more
accurate than traditional fundamental frequency approximations. References [34, 40, 41, 44]
describe the dynamic phasor modeling approach for accurately modeling complex power
system components and its advantages. A dynamic phasor model of a Type 3 wind farm
is developed in this thesis to accurately model its short circuit behavior for balanced and
unbalanced faults as well as when significant sub-synchronous frequencies are present in the
system.
As the dynamic phasor model of the Type 3 wind farm system is capable of accurately
modeling not only fault current behavior such as balanced and unbalanced faults, but also
sub-synchronous control interactions, it provides the necessary information to design both
protection and control settings for wind farms. The model is also generic in nature, i.e., it
does not require manufacturer proprietary information, such as control algorithms, which are
difficult to obtain. The model developed in this research work will serve as a powerful tool
for a power utility engineer to design relay settings as well as control settings for damping
SSCI oscillations for a Type 3 wind farm connected to a series compensated transmission
line.
5.3 Dynamic Phasor Modeling
Modeling the various components of the Type 3 wind generator test system was described
in Section 2.3.3.2 in terms of dq0 time domain differential equations. The parameters of the
test system are given in Appendix A.3. By substituting the differential equations for different
components of the test system in Equation 5.7 above, the dynamic phasor model equations
are obtained and described in this section.
The selection of the set (K) of dynamic phasors for each of these components is based on
92
the required short circuit behavior to be studied, namely a symmetrical or unsymmetrical
fault with or without the influence of sub-synchronous interactions. In a dq0 reference
frame rotating at synchronous speed, the positive sequence component will appear on the d
and q axes as DC, i.e., with frequency 0 (k=0 for positive sequence components), and the
negative sequence component will appear with a frequency of 2ωs (k=2 for negative sequence
components). The zero sequence component will appear on the 0 axis with a frequency of
ωs (k=1 for zero sequence components). Hence, the designation 〈x〉0 is used to represent the
positive sequence, 〈x〉2 the negative sequence, and 〈x〉1 the zero sequence dynamic phasors,
respectively. The ∆-Y transformer is the most commonly used transformer configuration
and it does not allow the zero sequence current to flow through. Zero sequence dynamic
phasors are ignored for studies with ∆-Y transformer. Also, a test system utilizing a Y-Y
grounded transformer for which zero sequence quantities cannot be neglected is studied for
achieving completeness of results.
As explained previously, the dynamic phasor modeling technique proposed in this re-
search work is capable of modeling sub-synchronous frequency components to accurately
represent SSCI phenomena. In Section 4.3.2, the frequency of the sub-synchronous com-
ponent for SSCI occurrence in the Type 3 wind farm test system in which the wind farm
was connected to a 50 percent compensated transmission line was determined to be 36.5 Hz,
which is approximately 0.6 times the system fundamental frequency of 60Hz. Hence, such
a sub-synchronous frequency component would appear on the d and q axes at a frequency
approximately 0.6ωs (k=0.6). Table 5.1 gives the appropriate choice of dynamic phasors to
represent the different fault scenarios discussed in Section 5.4.
For a 50 percent compensated system, the sub-synchronous frequency dynamic phasor
will be represented by 〈x〉0.6. Further, based on the degree of compensation, the frequency of
this sub-synchronous component would change as described in Chapter 4. Accordingly, the
correct value of k can be selected to represent the appropriate sub-synchronous component
accurately. For a 30 and 70 percent compensated system, the sub-synchronous frequency
dynamic phasor will be represented by 〈x〉0.5 and 〈x〉0.7 respectively based on their charac-
teristic frequency of ≈ 28Hz and ≈ 42Hz.
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Table 5.1: Selection of appropriate dynamic phasors for 50 percent compensated system
Fault Condition Dynamic phasors
Symmetrical Fault 〈xdq〉0
Unsymmetrical Fault 〈xdq〉0, 〈xdq〉1∗, 〈xdq〉2
Symmetrical Fault with SSCI 〈xdq〉0, 〈xdq〉0.6
Unsymmetrical Fault with SSCI 〈xdq〉0, 〈xdq〉1∗, 〈xdq〉2, 〈xdq〉0.6
* 〈xdq〉1 is included only for Y-Y grounded transformer
Drive Train:
The dq dynamic phasor model for the drive train, consisting of the turbine, shaft, and
gear box, is represented by a single equivalent mass and is obtained by substituting Equation
2.2 in 5.7. It is given by
d〈ωr〉k
dt
=
〈Tm〉k − 〈Te〉k
2H
− jkωs〈ωr〉k (5.9)
where the electrical torque is
〈Te〉k = 〈ψr,q.ir,d〉k − 〈ψr,d.ir,q〉k. (5.10)
The dynamic phasors for ωr and Te are chosen based on the type of fault, as shown in Table
5.1. For the mechanical torque Tm, only the positive sequence dynamic phasor is chosen.
Stator Voltages:
The dynamic phasor model for the stator flux linkage obtained by substituting Equation
2.5 in 5.7 is given by
〈ψs,dq〉k = Lss〈is,dq〉k + Lsr〈ir,dq〉k (5.11)
and the dynamic phasor model of the stator voltage is similarly obtained as
〈Vs,dq〉k = Rss〈is,dq〉k + Jωs〈ψs,dq〉k + d〈ψs,dq〉k
dt
− jkωs〈ψs,dq〉k. (5.12)
The appropriate choice of the dynamic phasors for the stator flux linkages ψs,dq, currents
is,dq, ir,dq and voltages Vs,dq are based on Table 5.1. The definition of the resistance and the
J matrices remain the same as before.
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Rotor Voltages:
The dynamic phasor model for the rotor flux linkage obtained by substituting Equation
2.10 in 5.7 is given by
〈ψr,dq〉k = Lrs〈is,dq〉k + Lrr〈ir,dq〉k (5.13)
and the dynamic phasor model of the rotor voltage is similarly obtained as
〈Vr,dq〉k = Rrr〈ir,dq〉k + J〈σ〉kωs〈ψr,dq〉k + d〈ψr,dq〉k
dt
− jkωs〈ψr,dq〉k. (5.14)
The appropriate choice of the dynamic phasors for the rotor flux linkages ψr,dq, currents is,dq,
ir,dq and voltages Vr,dq are based on Table 5.1. The definition of the resistance matrix remains
the same as before. The dynamic phasor dq equation of the slip, obtained by substituting
Equation 2.14 in 5.7, is given as
〈σ〉k = ωs − 〈ωr〉k
ωs
(5.15)
where k is selected as shown in Table 5.1.
Back-to-Back Converter:
The dynamic phasor model of the back-to-back converter average model obtained by
substituting Equation 2.15 in 5.7 is
C
d〈Vdc〉k
dt
= 〈mr,d.ir,d〉k + 〈mr,q.ir,q〉k − 〈mg,d.ig,d〉k − 〈mg,q.ig,q〉k − jk〈Vdc〉k. (5.16)
The set of appropriate dynamic phasors is selected based on Table 5.1.
The dynamic phasor model equations for the PI controllers in the RSC are obtained from
Equations 2.16 to 2.19 and in the GSC are obtained from Equations 2.20 to 2.23 by using
the properties of the dynamic phasors as shown below.
Rotor Side Controller:
d〈xr,d〉k
dt
= KI,Ps(〈Ps〉∗k − 〈Ps〉k)− jkωs〈xr,d〉k (5.17)
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〈mr,d〉k = 〈xr,d〉k +KP,Ps(〈P ∗s 〉k − 〈Ps〉k) (5.18)
d〈xr,q〉k
dt
= KI,Qs(〈Q∗s〉k − 〈Qs〉k)− jkωs〈xr,q〉k (5.19)
〈mr,q〉k = 〈xr,q〉k +KP,Qs(〈Q∗s〉k − 〈Qs〉k) (5.20)
Grid Side Controller:
d〈xg,d〉k
dt
= KI,Vdc(〈Vdc∗〉k − 〈Vdc〉k)− jkωs〈xg,d〉k (5.21)
〈mg,d〉k = 〈xg,d〉k +KP,Vdc(〈V ∗dc〉k − 〈Vdc〉k) (5.22)
d〈xg,q〉k
dt
= KI,ig,q(〈i∗g,q〉k − 〈ig,q〉k)− jkωs〈xg,q〉k (5.23)
〈mg,q〉k = 〈xg,q〉k +KP,ig,q(〈i∗g,q〉k − 〈ig,q〉k) (5.24)
The appropriate choice of the set K of dynamic phasors (refer to Table 5.1) for modeling
the controllers in the RSC and GSC is very important for accurate representation of the
specific fault behavior under study. This is important, especially for the model to accurately
represent the SSCI behavior, as the controllers play an important role in the occurrence of
this phenomena.
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Transmission Network and Transformer:
Apart from the controllers and converters, the series compensated transmission network
must also be accurately represented using the appropriate dynamic phasors to accurately
obtain the SSCI behavior of a Type 3 wind farm. This is due to the fact that SSCI behavior
is primarily dependent on the RSC and GSC controller settings and the series compensation
in the transmission line. The dynamic phasor model equations, as shown below, are obtained
from Equations 2.24 to 2.27 using the properties of dynamic phasors that have been defined
previously.
Lline
〈did〉k
dt
= 〈vs,d〉k −Rline〈id〉k + ωsLline〈iq〉k − 〈vc,d〉k − vb,d (5.25)
Lline
〈diq〉k
dt
= 〈vs,q〉k −Rline〈iq〉k − ωsLline〈id〉k − 〈vc,q〉k − vb,q (5.26)
Cline
〈dvc,d〉k
dt
= 〈id〉k + ωsCline〈vc,q〉k (5.27)
Cline
〈dvc,q〉k
dt
= 〈iq〉k − ωsCline〈vc,d〉k (5.28)
The dynamic phasor model equations of the constant impedance RL model of the trans-
former obtained from Equations 2.28 and 2.29 are
Lt
d〈it,d〉k
dt
= 〈vpri,d〉k − 〈vsec,d〉k −Rt〈it,d〉k + ωsLt〈it,q〉k − jkωsLt〈it,d〉k (5.29)
and
Lt
d〈it,q〉k
dt
= 〈vpri,q〉k − 〈vsec,q〉k −Rt〈it,q〉k + ωsLt〈it,d〉k − jkωsLt〈it,q〉k. (5.30)
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5.4 Discussion of Results
This section discusses the modeling accuracy of the proposed dynamic phasor modeling
to represent the following short circuit behavior of the Type 3 wind farm test system:
• Symmetrical fault behavior.
• Unsymmetrical fault behavior for test system with ∆-Y and Y-Y grounded transformer
configurations.
• Symmetrical fault behavior with a series compensated transmission line for different
percentage compensation.
• Unsymmetrical fault behavior for test system with ∆-Y and Y-Y grounded transformer
configurations with series compensated transmission line.
The choice of the set of dynamic phasors (set K) is based on the type of fault application
and the frequencies of interest required to accurately represent the fault current behavior.
5.4.1 Symmetrical Fault Behavior
For the test system comprised of an aggregate model of 150 Type 3 wind turbine gen-
erators, the fault behavior for a symmetrical three phase fault of 200 ms applied at 8.0 s at
the point of interconnection with the grid obtained from the detailed EMT model is shown
in Figure 5.1. For this scenario the series compensation was not applied in the transmission
line.
The above fault current for the symmetrical fault scenario mainly consists of the 60
Hz fundamental frequency component as demonstrated in the previous chapters. The test
system was modeled with the proposed dynamic phasor model discussed in Section 5.3. The
appropriate dynamic phasors must be chosen for accurate modeling. The variation of the
positive sequence dynamic phasor is shown in Figure 5.2. The positive sequence component
of the current is the most dominant frequency component for the symmetrical fault condition.
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Figure 5.1: Fault current for Type 3 wind farm symmetrical fault application - EMT model
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Figure 5.2: Variation of positive sequence dynamic phasor for a symmetrical fault
The appropriate choice of the required dynamic phasors (Fourier coefficients) to accu-
rately represent the symmetrical short circuit behavior would be the 60 Hz fundamental
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frequency coefficients (positive sequence dynamic phasor). Negative sequence dynamic pha-
sors are not included as this is a symmetrical fault and zero sequence dynamic phasors are
not included as the transformer is ungrounded. The selection of appropriate dynamic phasors
was discussed previously in Table 5.1.
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Figure 5.3: Comparison of EMT and dynamic phasor modeling for symmetrical fault
The fault current output (phase A stator current) for the symmetrical three phase fault
is shown in Figure 5.3, which compares the EMT and dynamic phasor model results. The
fault current waveforms show that the positive sequence dynamic phasor is capable of accu-
rately representing the symmetrical fault behavior of the Type 3 wind generator. However,
the upcoming sections show that just using the positive sequence (fundamental frequency)
dynamic phasor is not sufficient to obtain accurate short circuit behavior.
5.4.2 Unsymmetrical Fault Behavior
For the test system with a ∆-Y transformer, a 200 ms unsymmetrical phase A to ground
fault was applied at the point of interconnection to the grid and the response of the wind
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farm in terms of the phase A stator fault current is shown in Figure 5.4 below.
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Figure 5.4: Fault current for Type 3 wind farm unsymmetrical fault application - EMT
model with ∆-Y transformer
An unsymmetrical fault current contains both positive and negative sequence compo-
nents. No zero sequence components are present due to the transformer configuration. Hence,
the positive and negative sequence dynamic phasors were chosen in order to accurately model
the unsymmetrical fault behavior. Figure 5.5 below shows the relative magnitudes of the
positive and negative sequence dynamic phasors.
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Figure 5.5: Relative magnitude of positive and negative sequence dynamic phasors for an
unsymmetrical fault with ∆-Y transformer
The accuracy of the dynamic phasor model was assessed by comparison with the EMT
model results. The phase A stator fault current obtained from the dynamic phasor model is
compared with the EMT simulation results as shown in Figure 5.6. A high degree of accuracy
was achieved with the dynamic phasor representation for unsymmetrical fault behavior while
using a ∆-Y transformer configuration in the test system.
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Figure 5.6: Comparison of EMT and dynamic phasor modeling for Type 3 wind farm un-
symmetrical fault application with ∆-Y transformer
The same fault was applied in a test system with a Y-Y grounded transformer config-
uration. This would allow zero sequence currents to flow for an unsymmetrical fault. The
phase A stator fault current is shown in the Figure 5.7.
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Figure 5.7: Fault current for Type 3 wind farm unsymmetrical fault application - EMT
model with Y-Y grounded transformer
Hence the positive, negative and zero sequence dynamic phasors were included to accu-
rately model this behavior. Figure 5.8 shows the variation of the chosen dynamic phasors
during the fault application period.
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Figure 5.8: Relative magnitude of positive and negative sequence dynamic phasors for an
unsymmetrical fault with Y-Y grounded transformer
Figure 5.9 shows the comparison between the phase A stator fault current obtained from
the dynamic phasor model and the EMT simulation. With the appropriate choice of the
dynamic phasors, a high degree of accuracy was achieved for test systems using both ∆-Y
and Y-Y grounded transformer configurations.
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Figure 5.9: Comparison of EMT and dynamic phasor modeling for Type 3 wind farm un-
symmetrical fault application with Y-Y grounded transformer
5.4.3 Fault Behavior with a Series Compensated Transmission
Line
Chapter 4 discussed the scenario of a Type 3 wind farm connected to a series compensated
transmission line. The interaction between the series compensated line and the Type 3 wind
generator with the converters led to SSCI and the presence of sub-synchronous frequencies
in the fault current waveform. In order to test the accuracy of the proposed dynamic phasor
model to represent such a fault behavior, the correct choice of the appropriate dynamic
phasors (Fourier coefficients) is critical.
5.4.3.1 Symmetrical Fault Behavior
The fault current behavior of the Type 3 wind farm with a 50 percent series compensated
line for a 200 ms 3 phase fault at the point of interconnection of the wind farm with the grid
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is shown below in Figure 5.10.
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Figure 5.10: Type 3 wind farm phase A fault current for symmetrical fault with 50 percent
series compensation - EMT model
In Section 4.3, FFT analysis and prony analysis of the fault current waveform were
used to show that, apart from the fundamental frequency component, a sub-synchronous
frequency component with an approximate frequency of 36.5 Hz was also present for 50
percent compensated line. This value was verified by the frequency scanning technique in
Section 4.4. Also, the sub-synchronous frequency component present for test systems with
30 and 70 percent compensated line were identified.
For accurate representation of this type of a fault, as shown in Table 5.1, the positive
sequence and sub-synchronous component dynamic phasors are to be chosen. The negative
sequence dynamic phasor is not included as this is a symmetrical fault. Figure 5.11 below
shows the relative magnitudes of the positive sequence and sub-synchronous component
dynamic phasors for a 200 ms three phase fault for a Type 3 wind farm with a 50 percent
compensated transmission line.
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Figure 5.11: Relative magnitude of positive, negative sequence and sub-synchronous com-
ponent dynamic phasors for a symmetrical fault in a 50 percent series compensated Type 3
wind farm
Figures 5.12, 5.13, and 5.14 show the comparison of the phase A fault current obtained
from the EMT and the dynamic phasor modeling for 30, 50 and 70 percent compensated
systems respectively. Both the fundamental and the appropriate sub-synchronous frequency
Fourier coefficients are considered. The accuracy of the dynamic phasor model is high, even
for scenarios with sub-synchronous oscillations and different percentage compensations.
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Figure 5.12: Comparison of EMT and dynamic phasor modeling for 30 percent series com-
pensated Type 3 wind farm symmetrical fault application
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Figure 5.13: Comparison of EMT and dynamic phasor modeling for 50 percent series com-
pensated Type 3 wind farm symmetrical fault application
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Figure 5.14: Comparison of EMT and dynamic phasor modeling for 70 percent series com-
pensated Type 3 wind farm symmetrical fault application
5.4.3.2 Unsymmetrical Fault Behavior
The dynamic phasor model is also tested for accuracy for representing unsymmetrical fault
behavior of a series compensated Type 3 wind farm. A 200 ms phase A to ground fault
is applied at the point of interconnection of the wind farm to the grid. The phase A fault
current obtained for a 50 percent compensated line with a Y-Y grounded transformer used
in the test system is shown in Figure 5.15 below.
The dynamic phasor model for the Type 3 wind farm is developed by choosing the
appropriate Fourier coefficients, which are the positive sequence, negative sequence, zero
sequence and sub-synchronous component dynamic phasors as explained in Table 5.1. The
zero sequence dynamic phasor is included as the Y-Y grounded transformer configuration
allows the flow of zero sequence currents for an unsymmetrical fault. Figure 5.16 below
shows the relative magnitudes of the dynamic phasors.
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Figure 5.15: Type 3 wind farm phase A fault current for unsymmetrical fault with series
compensation - EMT model
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Figure 5.16: Relative magnitude of positive sequence, negative sequence, zero sequence and
sub-synchronous component dynamic phasors for an unsymmetrical fault in a series com-
pensated Type 3 wind farm
Using this selection of dynamic phasors, the model was developed and Figure 5.17 shows
the high level of accuracy achieved with the developed model as compared to EMT simulation
results. The dynamic phasor model was also found to be highly accurate for phase A to
ground fault application for a test system with a ∆-Y transformer configuration. In such a
case, the zero sequence dynamic phasor was not included as this transformer configuration
does not allow zero sequence currents to flow through. Only the positive sequence, negative
sequence and sub-synchronous frequency component dynamic phasors were included. In
case of a different degree of series compensation, the appropriate sub-synchronous frequency
component as explained in Section 5.4.3.1 is included.
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Figure 5.17: Comparison of EMT and dynamic phasor modeling for 50 percent series com-
pensated Type 3 wind farm unsymmetrical fault application
5.5 Summary
This chapter introduced the generalized averaging theory of modeling power system vari-
ables as time-varying Fourier coefficients called dynamic phasors. The motivation behind
proposing such a modeling approach for a complex system, such as a Type 3 wind farm
connected to a series compensated transmission line, was explained along with its advan-
tages, followed by developing the model itself. Using this modeling approach allows selective
inclusion of only the appropriate dynamic phasors based on the fault behavior to be repre-
sented, making it computationally efficient. Unlike fundamental frequency approximations,
this modeling method is capable of including non-fundamental sub-synchronous frequency
dynamic phasors for accurately representing SSCI effects. The methodology for the appro-
priate choice of these dynamic phasors was explained and the proposed modeling technique
shown to be capable of accurately representing symmetrical and unsymmetrical faults with
and without the occurrence of SSCI.
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Chapter 6
Summary and Conclusions
6.1 Summary
In recent years, the power grid has seen an ever growing integration of more wind farms.
Wind generators have evolved from conventional Type 1 squirrel cage induction generators
and Type 2 wound rotor induction generators to highly complex power electronic converter
based Type 3 DFIG and Type 4 full power converter wind generators, with Type 3 having
the highest market penetration.
Power system short circuit faults result in the flow of a large fault current, and protection
equipment must isolate the faulted part of the system quickly enough so as to prevent
equipment damage. Short circuit modeling of power system components is a critical exercise
performed by power utilities worldwide to determine the protective relay settings, protection
coordination, and equipment ratings. Short circuit modeling of wind generators is a complex
and challenging task due to the many factors that influence their short circuit behavior and
this has led to disagreement and ambiguity about the techniques to be used for modeling.
The study of the short circuit behavior of wind generators in Chapter 2 showed that the
response of Type 1 and Type 2 wind generators to faults is relatively less complex. The
fault current contribution of a Type 4 full converter based wind generator is limited by the
rating of its converter and can be modeled by a current source. However, a Type 3 wind
generator’s short circuit behavior is much more complicated compared to the other types of
wind generators due to the relatively large number of factors that determine its behavior.
This research work analyzed these factors and proposed a modeling technique to develop an
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accurate and generic short circuit model of a Type 3 wind farm.
Grid code and LVRT requirements necessitate Type 3 wind farms stay connected to the
grid during low voltage conditions at the terminal of the wind farm and also provide reactive
power support. This research work provided considerable clarity on the functionality of this
feature. The ability to stay connected to the grid without damaging its sensitive power
electronic equipment is enabled by using crowbar protection. The actual activation sequence
of the crowbar and the LVRT based unit breaker protection was modeled as opposed to the
assumption that the crowbar is triggered throughout the fault duration. This functionality
was tested for fault applications as well as for voltage sags.
Chapter 3 discussed the different modeling techniques used to represent the short cir-
cuit behavior of wind generators. Type 1 and Type 2 wind generators can be accurately
represented using the voltage behind transient reactance model. A fundamental frequency
based model can accurately model their symmetrical fault behavior. However, such simpli-
fied modeling techniques are not accurate enough to represent the fault behavior of Type
3 wind generators due to their inherent assumptions. Even though the voltage dependent
current source model is accurate, it is a black box approach and is not a standalone model
as it depends on other modeling techniques for the fault current values.
Type 3 wind farms connected to series compensated transmission lines are prone to sub-
synchronous control interactions that could be triggered by faults. Chapter 4 discussed this
very important modeling complexity of Type 3 wind farms. An aggregate model of a 450
MW Type 3 wind farm connected to a 50 percent compensated line was used as a test system
and SSCI oscillations were demonstrated. Further analysis of the fault current waveforms
was done to determine the frequency of these oscillations in order to model this behavior.
Fundamental frequency approximations were incapable of modeling such behavior.
A modeling technique that can accurately represent SSCI effects in a Type 3 wind farm
and at the same time is not as cumbersome to build as a detailed EMT model was pro-
posed in Chapter 5. This modeling was based on the generalized averaging theory of repre-
senting power system variables using dynamic phasors or time-varying Fourier coefficients.
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This technique achieved a middle ground between conventional fundamental frequency based
electromechanical models and detailed EMT models with the ability to also represent non-
fundamental frequencies accurately. This model can selectively model only those frequency
components required for the fault behavior under study, making it efficient. The model
was shown to be capable of accurately representing both symmetrical and unsymmetrical
fault behavior as well as sub-synchronous interactions with a high degree of accuracy by
comparing its results against benchmark EMT models.
6.2 Thesis Contributions
The following are the contributions of this thesis :
• A comprehensive analysis of sub-synchronous interactions, LVRT and crowbar action
in Type 3 wind generators and their impact on short circuit behavior: This thesis
discussed and analyzed the aspect of sub-synchronous control interactions in a Type
3 wind farm from a short circuit modeling perspective and its impact on short circuit
behavior. Also described in detail is the Type 3 wind generator protection based on
LVRT requirements and the corresponding active or passive crowbar action. The IEEE
Power System Relaying Committee (PSRC) report, ”Fault Current Contributions from
Wind Plants” [48], which was recently completed, does not discuss these aspects.
• Developing a generic short circuit model (dynamic phasor based model) of a Type 3 wind
farm taking into account both fundamental and non-fundamental frequency behavior:
As discussed previously, detailed EMT models are capable of accurately representing
a Type 3 wind farm’s short circuit behavior but are cumbersome and computation-
ally demanding. In this thesis, a dynamic phasor modeling technique, based on a
generalized averaging method and which has the ability to represent both fundamen-
tal and non-fundamental frequency behavior, has been proposed and implemented.
This modeling approach allows the user to selectively add frequency components other
than the fundamental frequency representation, namely the sub-synchronous frequency
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components. This method was tested for symmetrical fault, unsymmetrical fault, and
sub-synchronous interaction scenarios of Type 3 wind farms. The sub-synchronous in-
teractions were tested by adding series compensation in the transmission line connected
to the Type 3 wind farm test system.
6.3 Future Work
• Developing the voltage behind transient reactance and analytical expression models for a
wind farm: This research work considers these models only for a single wind generator
connected to the grid. It will be required to extend these methods to be applied to a
wind farm with multiple generator units connected together.
• Developing a synchronous generator based equivalent model for a Type 3 wind farm:
The practice in the industry has been to perform field tests on wind farms and utilize
the recorded waveform characteristics to develop an equivalent model using a syn-
chronous generator and its controls. Future work will be develop such a model and
validate it against the dynamic phasor model developed in this research work.
• Validating the results of the dynamic phasor model against real fault data records: The
short circuit behavior of the Type 3 wind farm obtained from the dynamic phasor
model needs to be validated against real fault data records obtained from utilities.
This will ensure additional validation of the accuracy of the model which has already
been validated against benchmark EMT models.
• Developing the dynamic phasor model in a real time digital simulator to design and
test protection functions of relays: The dynamic phasor model of a Type 3 wind farm
has to be developed in a real time simulator so that hardware in the loop test of relays
can be performed. This would allow the design of protection coordination and also
test their working in real time.
• Studying the impact of fault location and internal faults in wind farms: The fault
studies on Type 3 wind farms have so far been done for faults occurring outside the
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wind farm at the point of interconnection of the wind farm to the grid. However,
faults internal to the wind farm, i.e., faults occurring on the feeders connecting the
individual wind generators to the substation, are also possible. Such faults would not
only comprise the respective wind generator’s fault contribution but also that from the
other units in the wind farm. Thus, an aggregate model of the wind farm cannot be
used. For these reasons, these kinds of faults must be studied to develop short circuit
models that are inclusive of such behavior.
• Studying the impact of a multi-mass model: In this thesis, the generator, the turbine,
and the shaft have been lumped together and modeled as a single mass model. This
modeling is sufficient for studying sub-synchronous control interactions between the
generator controls and the series compensated line. However, a multi-mass model
is required to study possible sub-synchronous resonance conditions, where the series
compensated line interacts with the turbine generator shaft system at frequencies below
the synchronous frequency of the system. Such a model would represent the low-speed
turbine and the high-speed generator as a two mass model and the shaft as a spring
and a damper.
• Improving accuracy of the analytical expression method: The analytical expression used
to determine the short circuit behavior of wind generators in this thesis work does not
take into account the decrement of the voltage, i.e., of the flux linkage. This is an
approximation based on the constancy of flux linkages which is valid only for a very
short duration after initiation of the fault. Computing the voltage using an additional
differential equation representing the flux decrement would increase the accuracy and
the utility of this modeling approach.
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Appendix A
System data
A.1 Type 1 GE Wind Generator Test System Param-
eters
Table A.1: Type 1 wind generator test system data
Generator data 1.717MVA, 1.545MW , 0.575 kV , 60Hz, Poles = 6,
H = 4.55 s, Rstator = 0.00727 p.u, Rrotor = 0.00514 p.u,
Lm = 2.9922 p.u, Lstator = 0.1766 p.u, Lrotor = 0.1610 p.u
Transmission
line data
RLine = 0.002 Ω, Lline = 2.36e− 5H
Transformer
data
2MVA, 60Hz, Y −∆, 0.575/34.5 kV , Xt = 0.05 pu
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A.2 Type 2 Suzlon Wind Generator Test System Pa-
rameters
Table A.2: Type 2 wind generator test system data
Generator data 2.283 MVA, 0.6 kV , 60 Hz, H = 4.7 s, Rstator = 0.017 p.u,
Rrotor = 0.0215 p.u, Lm = 16.497 p.u, Lstator = 0.340 p.u,
Lrotor = 0.3577 p.u
Transmission
line data
RLine = 0.002 Ω, Lline = 2.36e− 5H
Transformer
data
2.5MVA, 60Hz, Y −∆, 0.6/34.5 kV , Xt = 0.05 pu
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A.3 Type 3 Wind Generator Test System Parameters
Table A.3: Type 3 wind generator test system data
Generator data 3.4 MVA, 0.69 kV , 60 Hz, J = 1.856 s, Rstator = 0.0054 p.u,
Rrotor = 0.00607 p.u, Lm = 4.362 p.u, Lstator = 0.102 p.u,
Lrotor = 0.11 p.u
Crowbar circuit Rcrowbar = 0.1 Ω, RIGBT−ON = 0.01 Ω, RIGBT−OFF = 1.0e6 Ω,
Vdc−UL = 1.3 p.u, Vdc−LL = 1.05 p.u
Back to back
converter
RIGBT−ON−GSC = 0.0005 Ω, RIGBT−ON−RSC = 0.01 Ω,
RIGBT−OFF = 1.0e6 Ω.
Rotor side con-
troller
KP,Qs = 1.0, KI,Qs = 1.0 s, KP,Ps = 1.0, KI,Ps = 1.0 s,
KP,ir,d = 1.0, KI,ir,d = 2.0 s, KP,ir,q = 1.0, KI,ir,q = 2.0 s
Grid side con-
troller
KP,Qg = 1.0, KI,Qg = 0.02 s, KP,Vdc = 1.0, KI,Vdc = 0.02 s,
KP,ig,q = 0.1, KI,ig,q = 0.1 s, KP,ig,d = 1.0, KI,ig,d = 0.02 s
Transmission
line data
240kms, RLine = 0.3107e−7p.u/m, XLine = 0.3479e−6p.u/m,
BLine = 5.1885e− 6 p.u/m
Transformer
data
3.4 MVA, 60 Hz, Y − Y − Y , 0.482/33/0.688 kV , X1−2 =
0.0888 p.u, X1−3 = 0.1663 p.u, X2−3 = 0.0875 p.u
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